Micro-textured surfaces for omniphobicity and drag-reduction by Choi, Wonjae
Micro-Textured Surfaces
for Omniphobicity and Drag-Reduction
by
Wonjae Choi
B.S. Department of Mechanical Design and Production Engineering
Seoul National University, 1997
M.S. Department of Mechanical Design and Production Engineering
Seoul National University, 1999
SUBMITTED TO THE DEPARTMENT OF MECHANICAL ENGINEERING IN
PARTIAL FULFILLMENT OF THE REQUIREMENTS FOR THE DEGREE OF
DOCTOR OF PHILOSOPHY IN MECHANICAL ENGINEERING
AT THE
MASSACHUSETTS INSTITUTE OF TECHNOLOGY
JUNE 2009
C Massachusetts Institute of Technology, 2009. All rights reserved.
Signature of Author:
Certified by:
MASSACHUSEHTTS INST E
OF TECHNOLOGY
JUN 16 2009
LIBRARIES
ARCHIVES
Department of Mechanical Engineering
May 22, 2009
K) Gareth H. M inley
Professor, Mechanical 1 gineering
S . .,,e Thesis Supervisor
Accepted by:
David E. Hardt
Professor, Mechanical Engineering
Chairman, Committee for Graduate Students

Micro-textured Surfaces
for Omniphobicity and Drag-Reduction
by
Wonjae Choi
Submitted to the Department of Mechanical Engineering
on May 22, 2009 in Partial Fulfillment of the
Requirements for the Degree of Doctor of Philosophy in
Mechanical Engineering
ABSTRACT
When a liquid droplet contacts a surface possessing the appropriate combination of surface
texture and solid surface energy, the liquid may not penetrate into the surface texture. Instead, the
droplet sits partially on air, forming a solid-liquid-air composite interface. Entrapped air pockets
of the composite interface are known to cause various interesting phenomena such as super-
repellency, low hysteresis, and liquid slip. The current thesis research aims to extend the
understandings about the role of surface texture on the static and dynamic behavior of the liquids
forming composite interfaces on these textured surfaces.
The first part of this thesis investigates the ability of surfaces with re-entrant texture, i.e.,
topography which bends back on itself, to promote the formation of composite interfaces against
low surface tension liquids and display omniphobicity, i.e., repellency against a wide range of
liquids regardless of their surface tension values. Surfaces that display contact angles of 0* > 1500
with liquids having appreciably lower surface tensions are attained by the incorporation of re-
entrant surface curvature.
The second part is an expansion of the classic Cassie-Baxter model that is widely used to predict
the apparent contact angles on composite interfaces. A liquid droplet sitting on composite
interfaces shows a range of apparent contact angles and corresponding contact angle hysteresis
when the drop advances or recedes. The Cassie-Baxter model only predicts a single value of the
apparent contact angle, and consequently, the model is inherently unable to provide an
explanation for the hysteretic behavior of the liquid droplet. In this thesis, the classic Cassie-
Baxter relation is extended to predict the contact angle hysteresis observed on textured surfaces as
well.
In the final part of this thesis, the drag-reducing ability of composite interfaces will be
investigated. It will be shown that the robustness, i.e., the resistance against a pressure
perturbation, of composite interfaces and the amount of drag-reduction on these interfaces are
negatively coupled. An approach to decouple these two important characteristics will be proposed
based on the concept of dual-scale textures.
Thesis Supervisor: Gareth H. McKinley
Title: Professor of Mechanical Engineering
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CHAPTER 1
INTRODUCTION
1.1. Introductory Remarks
The formation of a solid-liquid-air composite interface between a liquid and a textured
surface has become a very highly studied area over the past decade1 3 . Many surfaces in
nature are known to display superhydrophobicity, i.e., displaying large apparent contact
angles and low contact angle hysteresis with water, by the formation of the composite
interfaces4 . These superhydrophobic surfaces exhibit multiple useful characteristics,
including self-cleaning properties of various plant leaves 5 or gecko's feet6, water-walking
ability of the water strider 7, and water-harvesting troughs on the elytra of desert beetles8.
This chapter serves to introduce important concepts about the composite interface
before delving into the research topics explored in this thesis. First, an overview of
wetting and non-wetting phenomena of liquids on solid surfaces will be presented, which
will focus on the development of the research area and important concepts in the field.
Second, the effect of surface texture on the liquid wettability will be examined. Particular
interest will be paid to the super liquid-repellency and the drag-reducing characteristics of
the composite state, which forms when a textured surface can entrap numerous pockets of
air beneath the contacting liquid. The emphasis of this discussion will be on relevant
background information for the discussions in later chapters of this thesis. Finally, the
objectives and outline of this thesis will be presented. In addition to this background
section, each chapter has its own introduction that will give a more detailed background
to the specific subject matter of the chapter.
1.2. General Introduction
1.2.1. Wetting and Non-Wetting Phenomena
When a liquid contacts a solid surface, various wetting or non-wetting phenomena can
happen depending on the characteristics of the given liquid and the solid surface. The
easiest way to quantify the degree of wetting is to describe the contact angle 0 between
the liquid and the surface, and the whole range of wettability can be classified into four
regimes (see Fig. 1-1): super-wetting (0 -00), partial-wetting (0 < 900), non-wetting or
liquid-repellent (0> 900), and super liquid-repellent (0> 1500).
J
Figure 1-1. Wetting and non-wetting of liquid droplets. (a) Super-wetting. (b) Partial
wetting. (c) Non-wetting or liquid-repellent. (d) Super liquid-repellent.
The first factor that affects the liquid wettability is the relation of the interfacial energies
formed between the solid, the liquid, and the air phases. Fig. 1-2 shows an idealized
contact between a liquid and a flat, hysteresis-free solid surface. For a small liquid
droplet (i.e., the effect from gravity is negligible), the free energy of the whole system
becomes minimized when the summation of the interfacial free energies reaches its
minimum, and this is attained when the droplet forms a uniquely determined equilibrium
contact angle OE on the surface, which is given by Young's equation cosOE = (,v -
yl)/Tv9, where y refers to the interfacial tension and subscripts s, 1 and v refer to the solid,
liquid and vapor (or air) phases respectively. Later, this equilibrium contact angle given
by the Young relation is proven to be applicable to general cases with gravity'0 . The
Young relation suggests that given a liquid, the contact angle on flat surfaces increases
when the surface energy of the solid material decreases". This understanding has lead to
many applications such as hydrophobic Teflon® coatings for frying pans and rain-proof
sprays on the windshields.
Vapor (or Air)
"LV
Solid
Figure 1-2. A liquid droplet on a smooth surface.
1.2.2. The Effect of Surface Texture on the Liquid Wettability
The lowest solid surface energies reported to date are in the range of - 6 mN/m
12-14
which is lower than one tenth of the surface tension of water (yiv = 72.1 mN/m). Even
with these materials, the highest contact angle of water on flat surfaces is not larger than
-125 13. This means that another factor, surface texture, is required to attain the apparent
super liquid-repellency shown in Fig. 1-1d. When a liquid contacts a textured surface, the
apparent contact angle (0*) on the surface can be markedly different from the Young's
contact angle OE. The addition of a liquid droplet to a textured surface leads to either a
composite Cassie-Baxter state15 forming a solid-liquid-air interface or a fully-wetted
Wenzel state 6. In the former case, the liquid droplet attains its equilibrium contact angle
OE locally on the surface texture, and does not fully penetrate into the pores of the surface
texture (see Fig. 1-3a). This results in a composite interface with the droplet sitting
partially on air. Cassie and Baxter proved 15 that the free energy of a liquid droplet on this
composite interface becomes minimized when the apparent contact angle 0 * of the droplet
reaches a value 09, which is an weighted average between the values of the equilibrium
contact angle of the liquid on the air (i.e., r) and on the solid (OE). If fs and fa are the
fractions of solid and air in contact with the liquid per unit projected area of the
composite interface, the Cassie-Baxter relation yields:
cos = f cos E + fa cos = fcos - f (1-1)
Composite
surface
Figure 1-3. Liquid droplets on textured surfaces. (a) If the liquid droplet can reach its
own equilibrium contact angle 0E on the local surface textures without fully penetrating
into the texture, the system becomes stabilized in the composite Cassie-Baxter regime, in
which the liquid sits partially on air. (b) If the surface texture cannot support the
composite interface, the liquid penetrates into the texture and fully wet the surface. This
state is also known as the Wenzel state.
Marmurl7, 18 noted that it is more convenient to write fs = roo, and fa = 1- ,
where , is the area fraction of the liquid-air interface occluded by the texture and re is
the 'roughness' of the wetted area, which is ratio of the actual wetted area to the occluded
area. Then Eq. 1-1 can be re-written as below:
cos E = ro, cos9E + (1 -Q,)cosr = rT., cos8, - (1-( ) (1-2)
ro becomes equal to unity for textures with flat tops such as micro-pillar textures, then
Eq. 1-2 can be further simplified as below:
cos90 = 0, cosOE -(1- ) (1-3)
On the other hand, if the liquid cannot reach its equilibrium contact angle without
fully penetrating into the texture, a composite interface cannot be formed and the liquid
droplet fully penetrates down to the bottom of the pores (see Fig. 1-3b). The free energy
of a liquid droplet in this fully-wetted regime reaches minimum when the apparent
contact angle 0* of the droplet attains a value given by the Wenzel relation' 6 shown
below:
cosO = rcosOE (1-4)
where the surface roughness r is defined as the actual surface area divided by the
projected surface area. Later, it was recognized that the Wenzel relation is a special case
of the Cassie-Baxter relation when fa (Eq. 1-1) or 1- 0 (Eqs. 1-2 and 1-3) becomes
zero 7
Both the Cassie-Baxter and the Wenzel relations predict the apparent contact
angle which minimizes the system free energy, and the correlation between the apparent
contact angle and the equilibrium contact angle can be plotted onto wetting diagrams
shown Fig. 1-4. The difference between the formulae leads to completely different
wetting diagrams for both relations.
Very large apparent contact angle values are predicted by both of the Cassie-
Baxter (with fs in Eq. 1-1 or s in Eq. 1-2 much less than unity) or the Wenzel relation
(with OE > 900, r >> 1). However, the contact angle hysteresis, defined as the difference
between the measured values of the apparent contact angles as the droplet advances or
recedes ( AO* =*v - 0re ), of the two regimes can be very different. Johnson and
Dettre19 have measured and plotted the apparent advancing and receding contact angles
of water on hydrophobic wax surfaces as a function of surface roughness. By depositing
water droplets on surfaces with progressively increasing surface roughness, they
observed a transition from a fully-wetted Wenzel to a composite Cassie-Baxter regime.
Interestingly, the aforementioned transition coincided with a marked decrease in contact
angle hysteresis (see Fig. 1-5).
A cos0 B cos *
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Figure 1-4. The wetting diagram for the two states. (a) While a droplet of liquid resides
in the composite state, the free energy of the system becomes minimized when the
apparent contact angle reaches the value predicted by the Cassie-Baxter relation. (b) For
a droplet in the fully-wetted state, the Wenzel relation yields the apparent contact angle
for the free energy minimum.
This drastically different hysteretic behavior of the two states has attracted efforts
from multiple research groups 4' 20-23. The reason for large hysteresis on the fully-wetted
interface is relatively intuitive: the numerous asperities on the textured surface can lead to
the heavy pinning4 of the outer periphery of the fully-wetted solid-liquid interface. Liquid
drops, thus, do not readily roll-off a fully-wetted textured surface. In contrast, a
composite interface typically, if not always, facilitates both non-wetting (high apparent
contact angles, 0* >> 900) and easy droplet roll-off or low contact angle hysteresis (AO),
when total contact area between the liquid droplet and the solid substrate is very small4 ,2 1.
Hence the development of composite interfaces is an imperative part of engineering super
liquid-repellent surfaces.
170 Two seminal works by Wenzel and by Cassie
5 0 and Baxter have revealed many aspects of the role of
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13 surface texture on the liquid-repellency. The Cassie-
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1o Baxter relation became the basic model used for the
S90' water-proof textile24, while the Wenzel effect is
70 utilized to enhance the paint adhesion on anodized
surfaces of the airplane wings. Later, as noted in
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section 1.1, it was recognized that many natural
Figure 1-5. Static apparent
advancing (hollow) and surfaces are indeed forming non-wetting Cassie-
receding (filled) contact
angles of water on rough wax Baxter or wetting Wenzel regimes with water to
surfaces, plotted versus the
surface roughness. The engineer their wettability. These new findings,
image is from the work of
Johnson and Dettre 9. combined with the recent development of nano- and
micro-fabrication technologies, inspired multiple research groups to develop various
applications such as bio-mimetic self-cleaning coatings25, anti-fogging films 26, and
surfaces which display patterned superhydrophobicity 27 or even drag-reduction
property28-30. Among these non-wetting characteristics, drag-reducing ability of a
composite interface is occurring through a mechanism independent of the static liquid-
repellency, which is quantified with the apparent contact angle 0* a different principle;
hence the next section will describe the drag-reducing ability of composite interfaces in
more detail.
1.2.3. Liquid-Slip Behavior on a Composite Interface
A z, B C
/ p
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Figure 1-6. Liquid-slip phenomenon on a textured surface. (a) A schematic showing a
liquid flow on a solid surface, possessing a slip-length b. (b) A surface textured with
vertical pillars. When this textured surface forms a composite interface with a liquid, the
boundary condition for the liquid flow becomes composite as well: conventional no-slip
boundary condition applies on the top of each pillar (colored gray) while the liquid can
freely slip on the liquid-air interface between the pillars. Bottom figure shows the
equivalent boundary condition for the liquid flow, composed of no-slip region (gray) and
free-slip region (white). (c) A liquid-air interface sagging into the surface texture due to
any pressure perturbation. The images in (a) and (b) are from the work of Bocket31, and
the image in (c) is from the work of Quer6 and Reyssat'.
Not only does a composite interface enhance static repellency against a given
liquid, but also it can potentially enable a dynamic slip phenomenon on the solid surface.
Although the conventional no-slip boundary condition32 still applies for the solid-liquid
contact area, the liquid-air interface allows the liquid to slide on the entrapped air pockets
with practically zero friction. This mixed boundary condition leads to a significant
apparent slip, if the effect from the liquid-air interface becomes dominant. The resulting
apparent liquid-slip phenomenon has been applied to develop surfaces with significantly
reduced skin friction30' 33. It should be noted that this slip phenomenon does not possess a
functional correlation to the static super-repellency (i.e., large apparent contact angles
and small hysteresis) of the textured surface. For example, the apparent contact angle *
can be represented as a function of a material property OE and the texture parameter 0,
(Eq. 1-3) for flat-topped textured surfaces. On the other hand, the degree of liquid-slip is
mostly related to the shape and the scale of the surface texture, not the material
properties31 , 34
A slip-length is defined as the ratio of liquid velocity to the applied shear rate,
both measured at the wall (z = 0; see Fig. 1-6a)34:
bp = Vwai (1-5)(dV / dz)watl
A large slip-length is necessary to attain practical drag-reduction, and this can be
achieved by increasing the spacing between the textures or the fraction of entrapped air
(see Fig. 1-6b)28' 31, 34. Unfortunately, the robustness of the composite interface is
negatively affected when the spacing between the textures is increased (Fig. 1-6c)1.
Consequently, despite numerous lab-scale demonstrations of drag-reducing surfaces,
there is no report of real applications from those research results.
1.3. Thesis Objectives and Outline
In my thesis, I plan to extend the previous understandings about the role of surface
texture on the behavior, both static and dynamic, of the contacting liquids. More
specifically, I will focus on the characteristics of the composite interfaces. Chapter 2
investigates the ability of surfaces with re-entrant texture, i.e., topography which bends
back on itself, to form composite interfaces against low surface tension liquids. For low
surface tension liquids, the fully-wetted Wenzel state is always thermodynamically
favored4; hence it was considered impractical to construct surfaces displaying super-
repellency (i.e., high apparent contact angle and low hysteresis) against these liquids.
However, there have been multiple observations on the unexpected liquid-repellency
against liquids with equilibrium contact angles less than 90 degrees2' 35-37. We recognize
that it is possible to form a metastable composite state against these liquids. As a result,
surfaces that display omniphobicity, i.e., strong liquid-repellency against a wide range of
liquids regardless of their surface tension values, are reported in this chapter. Chapter 3
presents design methodology for robust omniphobic surfaces. Although it is possible to
construct composite interfaces against low surface tension liquids, any transition from a
composite to a fully-wetted state is irreversible, due to the inherent metastability of the
composite state formed with these liquids. Here I propose a design criterion that allows
us to greatly increase the robustness (i.e., the pressured required to disrupt the metastable
composite interface to transition into the fully-wetted state) without compromising the
super liquid-repellency. This understanding is embedded in the proposed design
parameters. In Chapter 4, I derive a relation which can predict the degree of hysteresis on
a composite interface. The original equation suggested by Cassie and Baxter predicts
only a single value of the apparent contact angle O*, which minimizes the free energy of
the system' 5 19. In real there can be numerous additional apparent contact angles each of
which corresponds to higher but locally stable free energy minima38. This chapter
suggests a simple approach to predict the apparent advancing and receding contact angles
and contact angle hysteresis by a concept of differential areal fraction of the solid-liquid
interface. This new model also enables us to understand the real reason why the
formation of the composite interface typically, not always, leads to small contact angle
hysteresis. Based on this understanding, I demonstrate multiple textured surfaces which
form composite interfaces possessing hysteresis values ranging from negligible (< 50) to
extremely large (z 1800). Finally in Chapter 5, I propose a design rule for a drag-reducing
surface, exploiting the concept of dual-scale texture. The mechanism of drag reduction by
the formation of composite interfaces is now well established, and it is well known that
increasing the size of the pores between surface textures is the key to attain higher drag
reduction. Unfortunately, it can be readily shown that the breakthrough pressure of the
composite interface significantly decreases when the pore size becomes larger. I try to
remedy this negative correlation between the drag reducing ability and the robustness of
the composite interface, by the introduction of dual-scale textures. While the nano-scale
texture ensures high robustness of the composite interface, micron-sized texture allows
significant drag reducing characteristics of fabricated surfaces.
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CHAPTER 2
ENGINEERING OMNIPHOBIC SURFACES
2.1 Introduction and Theory
2.1.1. A Thermodynamic Analysis and the Wetting Diagram
Since the behavior of a liquid can change radically between the composite Cassie-Baxter
and the fully-wetted Wenzel regimes1, it is important to be able to design surfaces so that
the liquid lies in the preferred regime. Previous work by Johnson and Dettre have shown
that if we deposit water droplets on a textured surfaces with progressively increasing
roughness and a fixed hydrophobic chemistry, a transition from a fully-wetted to a
composite state should ultimately be observed2. A simple way to explain this transition is
to consider the phenomenon to be closely related to the thermodynamic global
equilibrium, that is, the liquid droplet tends to choose to reside at the truly stable status. A
comparison between the thermodynamic free energies of the composite and the fully-
wetted states can be performed as the following:
Figure 2-1. A comparison between the interfacial energies of the composite state and the
fully-wetted state. (a) The area of the homogeneous solid-liquid interface (r) of the fully-
wetted state per unit projected area. (b) The areal fractions of each of the solid-liquid
(rob,), liquid-air (1- , ), and solid-air (r - req ) interfaces of the composite state per unit
projected area.
As shown in Fig. 2-1, a liquid droplet and a textured surface, in the fully-wetted and the
composite states, form drastically different sets of interfaces. For the fully-wetted state,
the droplet and the textured surface form a homogeneous solid-liquid interface (As)
whose areal ratio compared to the unit projected surface area is given as r (see Fig. 2-la).
On the other hand, the composite state possesses three kinds of interfaces between the
solid-liquid (As1), liquid-air (Av), and solid-air (A,,sv) respectively. The areal ratios of these
interfaces per unit projected surface area are given as r 1-,  , , and r - ro s (see Fig. 2-
lb). The total interfacial energies of both states are thus equal to rys,, for the fully-wetted
state, and r., ys1+(1- s)7~v+(r-rgs),)ys, for the composite state. The difference
between the free energies of these two sets of interfaces is given as
ry51 -r sv -(1- s)7, -(r -r s)7Y , and this differential energy can be re-arranged
using the Young relation3:
I (Ay)fully - w etted - (Ay)composite = -((r - ro s)cosOE + (1 -s))yI v  (2-1)
sv,sl,lv sv,sl,lv
Since the total surface area is always greater than the wetted surface area (r >
robs) and 4s is always smaller than unity, Eq. 2-1 remains less than zero as long as
cosOEE>cos 0 rit =-( 1- Os)(r -rs) . It should be noted that, since the value of
-(1- 0,)/(r - rbs) is always negative, Oc,it should be greater than 90 degrees. This critical
equilibrium contact angle Ocrit allows us to determine which of the two states is the global
equilibrium. In other words, a composite interface between a liquid droplet and a textured
surface is globally stable as long as OE> 0 rit > 900 (or cosOE < cosOcrit ), and the fully-
wetted status is always the global equilibrium for liquids with flat contact angle OE < cr,it
(or cosE > cosOcrit) on the same textured surface. Interestingly, this critical equilibrium
contact angle Ocrit can be also obtained by simply comparing the apparent contact angles
predicted by the Wenzel and the Cassie-Baxter relations4' 5. This means, between the
composite and the fully-wetted states, the state with a lower apparent contact angle 9* has
lower free energy. As a result, it is possible to unify two wetting diagrams from the
Wenzel and Cassie-Baxter relations, and predict the mostly stable apparent contact
angles, given a liquid and a textured surface 6. Fig. 2-2 shows one example of such
diagrams, with solid lines representing thermodynamically stable states and dashed lines
representing states which are at best only metastable or may not be physically realizable
at all4.
cos 0*
-1 cos Ocrit s OE Figure 2-2. A wetting diagram that
shows the relation between the
equilibrium contact angle OE and the
apparent contact angle 0*. When the
/, equilibrium angle OE is greater than
,-(1- orcos < cosO,, the
composite Cassie-Baxter regime is
globally stable. On the other hand,
- Not global equilibrium true stability lies at the fully wetted
Ces , Wenzel regime if the equilibrium
*,r angle is smaller than 0r.
" -1
The fact that the critical contact angle Ocrit is always greater than 90 degrees
results in the difficulty of constructing liquid-repellent surfaces (0* > 900) using liquid-
wetting solid materials (0E < 900 < Ocrit). Constructing such surfaces would require that
the liquid-repellent state reside in the 4th quadrant of the wetting diagram in Fig. 2-2. This
is clearly impossible by the formation of the fully-wetted state; the prediction line by the
Wenzel relation should pass only the 1 st and 3rd quadrant because the slope r for the
Wenzel relation is always positive (see the blue line in Fig. 2-2). While the prediction
line by the Cassie-Baxter model (red line in Fig. 2-2) allows the possibility to pass
through the 4th quadrant, it cannot be the global equilibrium because the fully-wetted
state always possesses a lower free energy for liquids with OE < 900 < Ocit.
Such arguments lead to the conclusion that surfaces that repel liquids with
relatively low surface tension (for example alkanes, such as decane (,v = 23.8 mN/m) or
octane (Wv = 21.7 mN/m)), cannot attain the liquid-repellency that is thermodynamically
stable. This is primarily because the surface would need to have a surface energy < 5.5
mN/m for these liquids to attain OE > 900 7, 8, which is impractical because the lowest
solid surface energies reported to date are in the range of - 6 mN/m8 -10 . When the
composite regime cannot be maintained with those low surface tension liquids, the liquid
reaches the fully-wetted Wenzel regime and the wettability (OE < 900) becomes amplified
by the surface roughness (0* < OE < 900). As a consequence, it is commonplace to observe
that low surface tension liquids, such as gasoline, easily spread on any surface as shown
in Fig. 2-3.
Figure 2-3. The effect of surface tension. (a) A droplet of water (y v = 72.1 mN/m)
beading up on a lotus leaf (0" > 1500), which possesses multiple scales of roughness on
its surface (inset). (b) A droplet of hexadecane (7yl = 27.8 mN/m) on the same lotus leaf,
which leads to a complete wetting (0" ==0).
2.1.2. Energy Barrier due to Texture Curvature and Possible Metastability
Figure 2-4. Metastable superhydrophobicity on textured surfaces synthesized from
hydrophilic materials. (a) A droplet of water beading up on a leaf of Cotinus coggygria.
The image is from the work of Herminghaus". (b) A synthetic superhydrophobic surface,
fabricated from hydrophilic (OE = 740) silicon wafer. The image is from the work of Gao
et al. 12 .
Thermodynamic analysis introduced in section 2.1.1 can determine which regime is the
global equilibrium state for a given contacting liquid and a textured surface, by
comparing the free energies from the interfaces between the liquid droplet and the
textured surface. Although the analysis clearly shows that the composite state on a
textured surface cannot be the true thermodynamic equilibrium for liquids with OE < 90'
< Ocrit, there have been multiple observations of unexpected liquid-repellency of textured
surfaces for which the equilibrium contact angle OE was less than 90 degrees (see Figs. 2-
4a, b)10 -17. Herminghaus"1 first pointed out that certain plants, such as Cotinus coggygria
and Ginkgo biloba, exhibits superhydrophobicity even though their surface materials are
weakly hydrophilic (OE < 900). This statement was further supported by a recent
research' 4 which showed that even the wax on the lotus leaf surface is weakly hydrophilic
as well (OE 74). Similar observations were made with multiple oils with much lower
surface tension values ' , 13, 15. Clearly, the non-wetting composite states observed in these
studies cannot be the global equilibrium states 18' 19; hence, these composite states cannot
be observed if one forms a liquid droplet on the same textured surface by a condensation
method 14. However, it may be possible to exploit the mechanism of these metastable
composite interfaces to engineer textured surfaces that can display super liquid-
repellency (0* > 1500, small AO*) with low surface tension liquids for which OE is always
smaller than 90 degrees.
For a metastable composite state to exist, the state should correspond at least to a
local free-energy minimum8' 20 if not the global minimum. This cannot be accomplished
by the analysis in the previous section that is based on a simple combination of a surface
roughness and chemistry. One of the earlier breakthrough techniques on the identification
of the local free-energy minimum is developed by Marmur 20' 21. Traditional
thermodynamic analysis compares only the free energies of the interfaces between the
liquid droplet and the textured surface; hence the analysis reveals no information about
the apparent contact angles of the tentative wetting state. Further, conventional analysis
relies on the researcher's intuition to determine where the liquid-air interface of the
composite system would reside. Marmur attempted to resolve these two weaknesses of
the conventional thermodynamic analysis by introducing two more variables, the
tentative values of projected wet-solid fraction 0, and apparent contact angle 0.
In Marmur's analysis, the total free energy for a liquid droplet on a textured
surface is represented as the summation of; i) the liquid-air interfacial energy on the
upper side of the droplet, ii) the free energy from the composite or fully-wetted interfaces
between the liquid and the textured surface, and iii) the solid-air interfacial energy on the
remaining solid surface outside of the solid-liquid-air triple-phase contact line. Marmur
showed that each of these free energies and consequently the total system free energy can
be represented as a function of two variables, the tentative values of the projected wetted
fraction , and the apparent contact angle 0* of the liquid droplet. Then it becomes
possible to compare the system free energies for a range of hypothetical , and 0* values
and recognize each of the local or global free-energy minima. By using his mathematical
model for the system free energy, Marmur successfully proved that there can be multiple
local free-energy minima corresponding to composite states even when the global
equilibrium corresponds to the fully-wetted regime. Later, Nosonovsky derived a similar
relation in a different way22
Although Marmur could prove the existence of local metastability by representing
the system free energy as a function of two variables 0, and 0", this set of variables
significantly limits the applicability of the model (see Fig. 2-5): the equation reaches a
local singularity if the surface texture possesses a geometric angle V equal to 90 degrees,
and the system free energy can no longer be represented as a function of , and 0* if V
becomes smaller than 90 degrees (see p'l in Fig. 2-5b). Hence in his original paper 20 ,
Marmur used his equation to predict composite interfaces only on textured surfaces
possessing g,i, > 90' to avoid the singularity issue. However, it is possible to extend his
equation to cover the whole range of possible textures, including textures possessing
geometric angles with a minimum value mi, < 90'. This can be achieved by choosing a
new variable set (h, 0*) instead of (0, 0*)22 . Here h is the height of the liquid-air interface
measured from the bottom of the surface texture normalized to the maximum height of
the texture. Figs. 2-5a and 2-5b demonstrate the wide applicability of this new variable
set. In Fig. 2-5a, two composite states with different solid-liquid interfacial area (rb s 1
and ro, 2) possess the same value of A, which compromises the functional relationship
between the system free energy and the variable set (0,, 9*). On the other hand, Fig. 2-5b
shows that these two different states can be successfully recognized by using the
proposed variable set (h, 0*).
Figure 2-5. The importance of variable selection. (a) The representation of the composite
interfacial energy as a function of the projected wetted fraction 0. Two composite states
with different penetration depth and correspondingly dissimilar solid-liquid interfaces
(r~b 1, ro 2) possess the same value of 0. (b) The representation of the composite
interfacial energy as a function of the height of the liquid-air interface measured from the
bottom of the textured surface.
With this new choice of variable set (h, 0), we can always determine the ability
of a textured surface with any kind of detailed texture configuration, to form a composite
interface against a given liquid. Further, the liquid-repellency (that is, the apparent
contact angle 9) of each of the stable or metastable states can readily be calculated as
well. Based on this understanding, I have generated energy landscapes for multiple
combinations of the surface texture, liquid, and the equilibrium contact angle values 8, and
one example of such energy landscapes is shown in Figs. 2-6, 2-7 and Table 2-1. Detailed
algorithm for the energy landscape generation is included in the Appendix section of this
chapter. Fig. 2-6 shows a one dimensional surface texture that is described by
z = 0.75 sin 2 (ry) (Here z is the local height of the surface texture, x and y are the
horizontal coordinates). The energy landscape of a water droplet on this textured surface
is shown in Fig. 2-7. The values of the surface tension and the equilibrium flat contact
angle are given as yv = 72.1 mN/m and OE= 1200 respectively. It can be readily seen that
the system has two energy minima, a locally metastable state at h = 0 (i.e., the liquid fully
wets the textured surface), and a globally stable state at h -0.81 (i.e., the textured surface
can entrap air pockets and support the liquid-air interface as high as 0.81 of the maximum
texture height).
It is clear from Fig. 2-7 and Table 2-1 that the composite state has a much lower
free energy as compared to the fully-wetted state, and is therefore the thermodynamically
favored state. However, it is possible to provide enough activation energy to force the
droplet to transition to the Wenzel state. Indeed, Krupenkin et al. have highlighted the
possibility of transitioning reversibly between the fully-wetted Wenzel and the composite
Cassie-Baxter regimes 23. Further simulations with progressively lower equilibrium
contact angles show that the fully-wetted state becomes the global equilibrium when OE <
1180; this observation agrees with the traditional thermodynamic analysis because Ocrit of
the given sinusoidal texture is 1180.
Solid-liquid cortactplaae
Figure 2-6. A schematic drawing of a sinusoidal
wrinkle on a surface, with local texture height
fce profile given as z = 0.75 sin2(ry).
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Figure 2-7. The change in the Gibbs free energy divided by the initial surface area of the
liquid droplet, as a function of tentative apparent contact angle (0*) and normalized
height of the liquid-air interface (h), for a droplet of water propagating on a hydrophobic
surface (OE = 1200) with sinusoidal wrinkles z = 0.75 sin2(;rx) on its surface. Here the
free energy reaches its minimum G*min for the composite state. The two minima in free
energy at h -0.81 and h =0 correspond to the composite and the fully-wetted state
respectively.
Calculations with even lower equilibrium contact angles show that the local free
energy minimum cannot be observed (meaning, the sinusoidal surface cannot support the
composite state at all) when OE < 1130. In case of low surface tension liquids such as
various alkanes and alcohols, the equilibrium angle of the liquid becomes even lower
than 900 (for example, OE = 800 for a droplet of hexadecane on a highly fluorinated
surface8). Thus it is impossible for this sinusoidal surface to support a composite interface
against these liquids.
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Table 2-1. A compilation of the significant results obtained from our calculation of the
Gibbs free energy (per unit surface area of the initial liquid droplet) as a function of 0*
and h, for the propagation of water on a hydrophobic surface with sinusoidal wrinkles.
Starting values Results
Equilibrium 1200 Apparent contact angle in the 1580
contact angle composite state
Difference in G* between theSurface profile z(x,y) =(nondimensional) 0.75sin2 composite and the fully- 2.78x 10.5 J/m2(nondimensional) 0.75sin y) wetted stateswetted states
Surface tension Activation energy required to
72.1 mN/m transition from the composite 1.21 x 10-4 J/m 2
to the fully-wetted state
The energy landscape shown in Fig. 2-7 indicates that a textured surface can
support a metastable composite interface against liquids possessing equilibrium contact
angles lower than the critical contact angle (0crit = 1180). However, the simulation also
shows that it is impossible to form a metastable composite state when the equilibrium
contact angle is even below a certain threshold contact angle (113' for the texture shown
in Figs. 2-6 and 2-7). Indeed, separate calculations using sinusoidal textures with much
higher amplitudes show no sign of metastable composite states against liquids with OE <
90'. This result suggests that surface roughness is not the most important factor that
determines the existence of metastable composite states formed with low surface tension
liquids possessing OE < 900. Instead, the surface curvature or the geometric angle qi of
the surface texture is the crucial factor that enables the composite states.
2.1.3. The Effect of a Re-entrant Surface Texture
OE (e.g. water
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Figure 2-8. The role of surface curvature. (a) A texture forming a composite interface
with a high surface tension liquid (OE > qy > 900). (b) Same texture with a low surface
tension liquids (OE < 900 < V/), leading to a fully-wetted Wenzel status. (c) Same liquid on
a re-entrant texture (900 > GE > Vt), resulting in a metastable composite interface.
As noted in section 2.1.1, the global equilibrium always lies at the fully-wetted regime
when the equilibrium flat contact angle OE < 900, regardless of the surface texture details.
Nonetheless, the existence and robustness of a metastable local equilibrium is highly
dependent on the details of the surface texture. For example, consider a texture shown in
Fig. 2-8a, which has a minimum value of geometric angle greater than 90 degrees. This
texture can still support the composite regime if the equilibrium contact angle OE of the
liquid is greater than , which is the case of water on top of hydrophobic Teflon
® (OE =Z
1200 9). In contrast, if the equilibrium angle is smaller than 90 degrees (Fig. 5b), which is
unavoidable with low surface tension liquids, the net traction of the surface tension points
downward and the liquid instantly proceeds to fully-wet the entire texture. Consequently,
surface textures shown in Figs 2-8a and 2-8b cannot maintain the composite interface
against low surface tension liquids with OE < 900, and this is the reason why sinusoidal ('
> 90') or vertical (V = 90') textures does not lead to liquid-repellency against low surface
tension liquids. However, for the same low surface tension liquid with OE < 900, it is still
possible to support the composite interface as long as y is even smaller than OE. This
implies that Vf is smaller than 900, meaning the surface texture is re-entrant, i.e., the
texture bends back on itself as shown in Fig. 2-8c 8' 12, 24-26. On this textured surface, the
net traction of the hypothetical liquid-air interfacial tension points upward even for
liquids possessing OE < 900; this allows the possibility of the liquid-repellent metastable
composite interface against low surface tension liquids.
A surface texture can be determined to be re-entrant as long as the minimum
value of y is less than 90 degrees; however, there is a wide range of re-entrant textures
whose examples are shown in Fig. 2-9. Fig. 2-9a shows a reverse trapezoidal surface
texture, possessing a finite minimum value of the geometric angle V/mi = 45' . A surface
with this texture can potentially form a composite interface with a liquid possessing an
equilibrium contact angle OE equal or greater than Vmi, i.e., OE > ,, = 45'. However,
the activation energy to transition a composite state into a fully-wetted state becomes
zero when the equilibrium angle is exactly the same as the geometric angle. The practical
condition for the existence of the composite state would thus be 0 E> V"jn = 45 . On the
other hand, a surface possessing a texture shown in Fig. 2-9b will be able to form a non-
wetting composite interface against any liquid, as long as the liquid forms a finite
equilibrium angle OE on the solid material. Consequently, the surface texture in Fig. 5b
ensures the surface a liquid-repellency against a very wide range of liquids. Numerous
natural or synthetic surfaces such as fabrics, feathers, and wax tubules on leaves, can be
described to possess textures shown in Fig. 2-9b, suggesting the possibility of rendering
these surfaces to become super-repellent against low surface tension liquids
25
, 27
However, the gap between the liquid-air interface and the bottom of the surface texture
becomes extremely small for liquids with equilibrium contact angle values OE << 900,
which significantly lowers the robustness of the composite interface against any pressure
perturbations (see Chapter 3 for the details about the robustness issue).
Figure 2-9. Various re-entrant textures. (a) A
V2 re-entrant texture possessing a minimum value
of geometric angle ,, = 45*. (b) A cylindrical
texture possessing a varying geometric angle 0*
= 7 = < tv< 1800. (c) A re-entrant texture possessing
a varying geometric angle 0* < V< 180* at the
proximity of the top of the surface texture.
Similar to the texture of Fig. 2-9b, a re-entrant surface texture shown in Fig. 2-9c
also has a geometric angle varying between zero and 180 degrees, which enables the
possibility for the surface to repel any liquid possessing a non-zero equilibrium angle. In
addition, the gap between the liquid-air interface and the bottom of the texture remains
almost constant regardless of the equilibrium contact angle. This can ensure a higher
degree of robustness of the metastable composite interface; hence this texture will be the
main focus of the rest of this chapter. Due to the similarity of this texture to geological
features called hoodoos that are created by erosion in arid regions, we call this texture as
"microhoodoo"8, 25 ,28. A detailed structure of a microhoodoo texture is given in Fig. 2-10.
To further demonstrate the ability of the microhoodoo texture to support a
metastable composite interface against low surface tension liquids, an energy landscape
for a microhoodoo texture shown in Fig. 2-10 is given in Fig. 2-11. Octane (xlv = 21.7
mN/m) on a highly fluorinated material (OE = 600) is assumed for the calculation. Since
OE < 900, thermodynamic analysis in section 2.1.1 predicts that the fully-wetted Wenzel
regime is the global free-energy minimum, which can be recognized in the generated
energy landscape as well. The apparent contact angle should be predicted by the Wenzel
relation (Eq. 1-4), yielding OE* = 470. However, it can be also observed that there is
another locally metastable energy minimum at h = 0.97, which corresponds to the
composite Cassie-Baxter regime. The apparent contact angle for this composite interface
should be given by the Cassie-Baxter relation (Eq. 1-1), resulting in OE* = 1460. Further
details about the simulation are summarized in Table 2-2.
20 -Figure 2-10. A schematic illustrating the
structure of the microhoodoo texture. The
values 2D = 40 ptm, 2 W = 20 tm, and H= 7
jtm are used for the energy landscape
generation in Fig. 2-11. The thickness of
the capping layer is assumed to be 300 nm.
Composite status
apparent * = 1460
... .... . .... ..
.. . . ...... .. 
........ .... ..i ! ...................... ..-.....
.- .... ........ 
....... :.. .. ........ .... .........
... ..... ... .. 
.. ..... .... ... .......
..." 1 ................."
0 .66.. .. ...... .. .. .
0.33 1. . : .
L O.01 1s@
Fully-wetted status
apparent 8* = 470
Figure 2-11. The change in Gibbs free energy density as a function of 8* and h, for
octane propagating on our microhoodoo surface. Here G*min is the Gibbs free energy for
the fully-wetted Wenzel state. The two minima in the Gibbs energy at h =0.97 and h =0
correspond to the composite and the fully-wetted state respectively. The inset on the
graph shows a zoomed-in view around h =0.97 to illustrate the local energy density
minimization for the composite Cassie-Baxter state.
Table 2-2. A compilation of the significant results obtained from our calculation of the
Gibbs free energy (per unit surface area of the initial liquid droplet) as a function of 9*
and h, for the propagation of octane on our microhoodoo surfaces.
Starting values Result
Equilibrium 600 Apparent contact angle in the 1460
contact angle Composite state
Difference in SG* between
Surface profile Microhoodoos the composite and the fully- - 1.2 x 102 J/m2Surface profile w = 0.11
wetted states
Surface tension Activation energy required to
21.7mN/m transition from the composite 8.17 x 10- J/m2
of the liquid to the fully-wetted state
The rest of this chapter experimentally examines the existence of the noted
metastable liquid-repellency against low surface tension liquids. Silicon micro-
.........
fabrication is chosen for the synthesis of the microhoodoo surface textures. The main
advantage of silicon micro-fabrication is the ability to precisely control each of the
microhoodoo dimensions by lithographic techniques. To maintain the equilibrium contact
angles against low surface tension liquids great than zero, low surface energy coating
technique was performed using highly fluorinated molecules for most of the
microhoodoo surfaces. Finally, the characterization of the synthesized surfaces is
performed by measuring apparent contact angles.
2.2. Experimental Methods
2.2.1. Substrate Fabrication
4" test grade silicon wafers were bought from Wafernet, Inc. The silicon wafer functions
both as a substrate and a sacrificial layer; hence the doping property of the wafer is not
crucial for the microhoodoo fabrication. Additional flat zone in the N-type wafers poses
potential handing issue for one of the later etching steps; hence the P-type wafer are used
in this work. A 300nm thick silicon dioxide thin film was first deposited on piranha
cleaned silicon wafer, by Plasma Enhanced Chemical Vapor Deposition technique
(PECVD; see Fig. 2-12a). STS Multiplex CVD chamber in Microsystems Technology
Laboratory (MTL) was used for the process. Other oxide deposition techniques such as
thermal oxidation or Low Pressure Chemical Vapor Deposition (LPCVD) can be used to
produce the oxide layer as well. Cap geometries were defined via standard
photolithography using OCG825 as the photoresist and Electronic Visions EV620-501 as
the mask aligner. Spinning condition and the exposure time were set to 3000 rpm for 30
seconds and 2 seconds respectively. Cap patterns were then transferred onto silicon
dioxide using a CF 4 plasma Reactive Ion Etching (RIE) process as shown in Fig. 2-12b.
PlasmaQuest RIE etching chamber in MTL was used for the process, and P-type wafer is
preferred for the loadlock of the PlasmaQuest. Etch depth was set to 400nm to expose
bare silicon surface. As a more rapid alternative process, a wet etching process using
Buffered Oxide Etcher (BOE) can also be used. The oxide caps were then released with
severe re-entrance through vapor-phase XeF 2 isotropic etching using Xenon etcher in
MTL, which selectively removes silicon sacrificial layer without reacting with silicon
oxide caps (see Fig. 2-12c). Finally, the surface was cleaned with piranha (1:3 mixture of
H2SO 4 and H202). The height of the supporting pillars and the cap thickness were held
fixed at 7 Im and 300 nm respectively.
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Figure 2-12. Process flow of a microhoodoo surface. (a) Deposition of oxide layer. (b)
Patterning of oxide layer. (c) Isotropic etching of silicon substrate. (d) Coating of the
fabricated hoodoo surface by low surface energy molecules.
Fig. 2-13 shows SEM images of the fabricated surfaces, consisting of large silicon
dioxide flat caps that are undercut to form silicon pillars and troughs. A key design
feature of hoodoo surfaces is that they possess re-entrant curvature with rVmi, = 00, in
addition to exhibiting a low fraction of wetted surface area (i.e., roo < 1) embodied in the
Cassie-Baxter model (Eq. 1-2). It should also be noted that the thin, flat, and highly re-
entrant caps of the microhoodoos allow the simplification of Cassie-Baxter relation by
using r = 1; hence Eq. 1-3 can be used for the prediction of the apparent contact angles
on the microhoodoo surfaces. Key feature dimensions of multiple microhoodoo surfaces
fabricated in this work are summarized in Table 2-3.
Figure 2-13. Fabricated microhoodoo substrates. (a) A microhoodoo surface with cirular
caps. (b) A microhoodoo surface with rectangular caps. (c) A microhoodoo surface, with
caps removed by Buffered Oxide Etcher (BOE).
Table 2-3. The key dimensions for the various synthesized microhoodoo surfaces. The
apparent contact angles predicted by the Cassie-Baxter relation are listed as well, using
the equilibrium flat contact angles on non-coated (OE =00 for both water and octane;
noted with symbol NC) and on dip-coated (see section 2.2.2.; OE = 1200 for water, 600 for
octane; noted with symbol C) silicon dioxide surface respectively. See Fig. 2-10 for the
connotation of each variable.
Sample 2W H 2D S 9O*NC O;NC O*C O*C
(pm) (pm) (um) (water) (octane) (water) (octane)
1 10 7 20 0.11 1410 1410 1610 1470
2 10 7 15 0.16 1330 1330 1570 1390
3 10 7 10 0.25 1200 1200 1510 1290
4 10 7 5 0.44 970 970 1410 1100
2.2.2. Substrate Coating with Low Surface Energy Molecules
In most cases, the fabricated surfaces are coated with low surface energy molecules to
increase the equilibrium contact angles 3' 9 (see Fig. 2-12d). Two methods are developed
in this work: i) reactive coating technique through a chemival vapor deposition (CVD) of
fluorinated silane molecules, and ii) physisorption of a highly fluorinated silsesquioxane
molecules known as fluorodecyl POSS 8' 29
Silanization. The silane treatment was carried out by a chemical vapor deposition of
1H,1H,2H,2H-perfluorodecyltrichlorosilane, purchased from Sigma-Aldrich®. Samples
were placed in an oven together with the silane and heated at 140 'C for 30 min.
Dip-coating. For the dip-coating process, we first prepare a solution of 50 wt%
fluorodecyl POSS and Tecnoflon® (BR9151) in Asahiklin AK-225 (Asahi glass
company) at an overall solid concentration of 10 mg/ml. Tecnoflon is a commercial
fluoro-elastomer manufactured by Solvay-Solexis. The use of Tecnoflon as a polymeric
binder prevents the crystallization of fluorodecyl POSS, and yields a more conformal and
elastomeric coating. Next, the substrate to be dip-coated is immersed in the fluorodecyl
POSS-Tecnoflon solution. After 5 minutes, the substrate is removed from the solution
and placed to dry in a vacuum oven for 30 minutes at a temperature of 600 C.
2.2.3. Contact angle measurement
The contact angles for various liquids were measured using a contact angle goniometer,
VCA2000 (AST Inc.). The advancing contact angle was measured by advancing a small
volume of the probing liquid (typically 2-4 pl) on to the surface, using a syringe. The
receding contact angle was measured by slowly removing the probing liquid from a drop
already on the surface. For each sample a minimum of four different readings were
recorded. Typical error in measurements was - 20.
2.3. Results and Discussion
2.3.1. Superhydrophobicity of Non-Coated Microhoodoo Surfaces
During the microhoodoo fabrication, we also left untextured areas, thus enabling the
measurement of both the equilibrium contact angle and the apparent contact angle on the
same wafer. While it is obvious that the smooth portion of the wafer is very hydrophilic
(see Fig. 2-14a; OE 100), the textured region on the same wafer exhibits strong water-
repellency (Fig. 2-14b; , = 0.25, OE* predicted by Cassie-Baxter model = 1200, measured
0* = 1460). This strong repellency cannot be observed in the fully-wetted regime, which
proves that the extreme re-entrance (y,, = 0° ) of the hoodoo texture successfully
supports a metastable composite interface against liquids with very low equilibrium
contact angles. The robustness of the formed metastable composite interface is illustrated
in Fig. 2-15, using a microhoodoo surface with 0, = 0.44. The re-entrant surface resists
both the advancing and receding of the water droplet. The images of the receding droplet
also highlight the high hysteresis on the textured surface originating from the relatively
high wetted solid fraction; however, it is clear that the water droplet has not reached the
base of the hoodoos, in which case it would have been impossible to withdraw the water
droplet completely.
The same experiment was repeated using octane (Yiv = 21.7 mN); however, even
the microhoodoo texture with jmin = 0' could not support a composite interface against
octane. This is because the minimum geometric angle is exactly the same as the
equilibrium contact angle of octane on the non-coated silicon dioxide (0E = 0O), which
does not ensure the robustness of the composite interface against any pressure
perturbation from various sources: vibration during the droplet deposition, gravity, or
Laplace pressure inherent in the droplet. Hence, although the condition jmin < E Oallows
the possibility for a composite state to exist, in reality the composite state can be
observed only when the difference between the minimum geometric angle 'in, and the
equilibrium contact angle OE is significant25, 27. Extensive analysis on this robustness
issue is covered in Chapter 3.
Figure 2-14. The effect re-entrant texture. (a) A droplet of water contacting a clean
silicon dioxide layer deposited on a silicon wafer. The non-zero equilibrium contact angle
(OE z 100) is possibly due to the fluorine residue from the XeF2 etching process. (b) A
water droplet contacting a microhoodoo surface with a wetted fraction , = 0.25,
displaying the apparent contact angle 0* z 1440, which is in reasonable agreement with
the prediction by the Cassie-Baxter relation 0* = 1200.
Figure 2-15. A series of pictures taken for advancing and receding water droplets on a
microhoodoo surface with , = 0.44. Scale bars are 500 pm.
2.3.2. Influence of Surface Chemistry
The fabricated microhoodoo surfaces can exhibit strong liquid-repellency by forming a
composite interface, as long as OE > tmni = 00. However, there are many liquids which
possess zero equilibrium contact angle on flat silicon dioxide surface, such as octane (yv
= 21.7 mN/m) or methanol (ylv = 22.7 mN/m). These liquids can easily penetrate into the
uncoated microhoodoo surface texture and fully-wet the entire surface as shown in the
previous section.
To support a composite interface with these low surface tension liquids and
display super-repellency, the surface energy of the solid material should be low enough
for the liquids to form a non-zero equilibrium contact angle3' 9. Two methods were
developed for this goal: A Chemical Vapor Deposition (CVD) of fluorinated silane
molecules, and a dip-coating process using highly fluorinated silsesquioxane molecules
known as fluorodecyl POSS8' 29. Each process is described in detail in the experimental
methods section. Both of these coating processes greatly lower the solid surface energy,
and correspondingly increase the equilibrium contact angle of a given liquid (e.g. OE,octane
= 550 after both of the CVD and the dip-coating process). The equilibrium contact angles
of multiple polar and non-polar liquids on flat, dip-coated silicon dioxide surfaces are
summarized in Table 2-4. Silanization using CVD process yields similar equilibrium
contact angles.
2.3.3. Omniphobicity of Coated Microhoodoos
Table 2-4 shows that, after the low surface energy coating process, the equilibrium
contact angles of various low surface tension liquids becomes significantly larger than the
minimum geometric angle of the microhoodoo surface texture (i,,in = 00). This suggests
that the microhoodoo surfaces coated with the same low surface energy molecules should
be able to form composite interfaces against all of the listed liquids, which is clearly
demonstrated by Fig. 2-16. Figs. 2-16a and 2-16b compares the contact angles of octane
on flat silanized silicon dioxide surface and the dip-coated microhoodoo surface,
indicating the ability of the re-entrant texture to attain strong liquid-repellency (q, = 0.25,
OE* predicted by the Cassie-Baxter model = 1290, measured 0* = 1400) using a liquid-
philic (OE = 550) material. Fig. 2-16c shows multiple polar and non-polar liquids with a
wide range of surface tension values, on a dip-coated microhoodoo surface. The droplets
display as large apparent contact angles as on a silanized microhoodoo surface, and the
bright reflection from the bottom of the droplets is an indirect evidence of the existence
of entrapped air-pockets. We name this kind of liquid-repellency against a wide-range of
liquids as omniphobicity2 5. Measured apparent contact angles using octane as the probing
liquid are summarized in Table 2-5.
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Figure 2-16. The synergistic effect of re-entrant texture and surface chemistry. (a) A
droplet of octane contacting a silanized silicon dioxide layer deposited on a silicon wafer.
The equilibrium contact angle OE =550 is significantly greater than zero. (b) An octane
droplet contacting a silanized microhoodoo surface with a wetted fraction S = 0.25,
displaying the apparent contact angle O* =1400. (c) Droplets of water (blue, yv = 72.1
mN/m), octane (red, y, = 21.7 mN/m), and methanol (green, y, = 22.7 mN/m) on a dip-
coated microhoodoo surface.
Table 2-4. A compilation of equilibrium contact angles for selected polar and non-polar
liquids obtained on various dip-coated silicon dioxide surfaces. The equilibrium contact
angles on silanized silicon dioxide surfaces are essentially the same.
Liquid Water Rapeseed Hexadecane Dodecane Decane Methanol Octane
oil
Yriv
72.1 35.7 27.8 25.3 23.8 22.7 21.7
(mN/m)
OE 1200 860 800 750 700 570 550
Table 2-5. The apparent advancing and receding contact angles of octane on dip-coated
microhoodoo surfaces with varying wetted solid fraction (0,) values. The predicted
apparent contact angles by the Cassie-Baxter relation are also listed.
Sample 2W H 2D * 0
(p m) (tm) (tm) (prediction) adv
1 10 7 20 0.11 1470 1640 1210
2 10 7 15 0.16 1390 1620 1130
3 10 7 10 0.25 1290 1630 1040
4 10 7 5 0.44 1100 1610 870
2.3.4. Alternative Methods of Synthesizing Omniphobic Surfaces
Strongly re-entrant texture of the microhoodoo surfaces in conjunction with low surface
energy coatings exhibit omniphobicity, i.e., super-repellency against a wide range of
liquids regardless of their surface tension values. However, because of the inherently
metastable nature of the composite interfaces against low surface tension liquids, even a
single defect on the entire surface is not allowed for the microhoodoo based omniphobic
surfaces. Moreover, the relatively expensive and time-consuming fabrication processes
for the microhoodoo surfaces can possibly limit its practical applicability for large-scale
fabrication of omniphobic surfaces.
Hence we have also investigated for a possibility of a large-scale production of
omniphobic surfaces. Criteria for the selection of fabrication techniques are: i) the
process should be cost-effective, and ii) fabricated re-entrant textured surfaces should be
failure-tolerant, i.e., tolerant to defects. We recognized that fabric-based structures, which
are composed of cylindrical fibers, are highly practical candidates to meet these criteria27.
As shown in Fig. 2-9, a cylindrical texture also possesses a minimum geometric angle
equal to zero degrees, and the texture can repel a wide range of liquids with finite
equilibrium contact angle. Hence any fabrics have a potential to become omniphobic, if
synthesized or coated with low surface energy materials to form equilibrium contact
angles, even with low surface tension liquids, significantly greater than zero27, 30. The
other advantage of using a fabric structure comes from the fact that the fabrics are
typically composed of multiple layers of fibers. Even when a portion of the fabrics are
damaged, the next level of fibers can still resist the penetration of the liquid and maintain
the composite state. We thus developed two fabrication technologies based on the fabrics
structure: i) electrospinning a non-woven fabrics using a polymer blend with high
fluorine concentration 8' 25, and ii) dip-coating existing fabrics into a fluorodecyl POSS
solution to lower the surface energy and confer omniphobicity on the fabric surfaces 27.
Electrospun fiber mats
Water
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Figure 2-17. (a, b) SEM micrographs of an electrospun fiber mat. (c) A model
representation of the electrospun fiber mat surface. (d) A schematic illustrating the
expected solid-liquid-air composite interface on the fiber surface in the composite state.
(e) The resulting liquid-repellency of the fabric surface, displaying large apparent contact
angle. (f) The omniphobicity of electrospun fabric surface using a blend of 44 wt%
fluorodecyl POSS and PMMA.
A cylindrical textured fabrics surface area can be created by electrospinning31 33. Fig. 2-
17 shows one of the fabricated "beads on a strong" 34 morphology, as well as the multiple
fiber layers and high porosity generated by the electrospinning process. This fabric
structure can be simplified into multiple layers of mutually crossing fiber arrays (Fig. 2-
17c) which can support the composite interface even against the liquids with low surface
tension values and correspondingly low equilibrium contact angles (Figs. 2-17d, e).
Various blends of fluorodecyl POSS and poly(methyl methacrylate) (PMMA) were used
for the electrospinning, and the omniphobicity of the electrospun surface using a 44 wt%
POSS - PMMA blend is shown in Fig. 2-17f.
Dip-coated Fabric Surfaces
A
Figure 2-18. (a) An SEM image of the polyester fabric. In spite of the presence of the re-
entrant curvature, hexadecane can readily wet the fabric surface (inset). (b) An SEM
image of the fluoroPOSS dip-coated polyester fabric. The inset shows the elemental
mapping of fluorine obtained using EDAXS. (c) Super liquid-repellency of a dip-coated
polyester fabric against various polar and nonpolar liquids (methanol - green, octane -
red, methylene iiodide - transparent, and water - blue).
As mentioned previously, most of existing fabric surfaces possess re-entrant curvature35-
37. Dip-coating process using a fluorodecyl POSS solution can possibly confer
omniphobicity on many of these surfaces by lowering the their surface energy. Fig. 2-18a
shows an electron micrograph of a commercial polyester fabric (Anticon 100 clean-room
wipe). The inset in Fig. 2-18a shows that a droplet of hexadecane completely wets the
surface of the as-received polyester fabric. This wetting behavior despite the re-entrant
texture possessing l/mnin = 00 is because of the extremely low robustness of the composite
interface noted earlier (see section 2.1.3). Fig. 2-18b shows the surface morphology of a
polyester fabric dip-coated with a blend of 50 wt% fluorodecyl POSS - Tecnoflon®. It is
clear that all of the surface details of the polyester fabric are preserved after dip-coating.
The inset in Fig. 2-18b shows the elemental mapping of fluorine on the dip-coated fabric
surface using Energy Dispersive X-ray Scattering (EDAXS). Dip-coating provides a
conformal coating of fluorinated molecules on the fabric surface. The liquid repellency of
the dip-coated fabric is highlighted in Fig. 2-18c which shows that this fabric is able to
support a composite interface and display high apparent contact angles (0* > 1400) even
with octane (Yiv = 21.7 mN/m)27
2.4. Conclusions
In this chapter, I have extended the previous understandings on the formation of the
composite interfaces to develop surfaces displaying omniphobicity, i.e., super-repellency
against a wide range of liquids regardless of their surface tension values. Thermodynamic
analysis indicates that the composite interfaces against low surface tension liquids with
equilibrium contact angle values less than 90 degrees cannot be the global equilibrium. In
this section, I have demonstrated that, by combining strongly re-entrant surface curvature
with low surface energy coating layer, it is possible for the textured surface to construct
metastable composite interfaces and display liquid-repellency against practically all kinds
of liquids. For liquids with equilibrium contact angle less than 90 degrees, the fully-
wetted state has significantly lower free energy than this metastable composite state, and
a transition from the metastable composite state to a fully-wetted state is thus typically
irreversible. Hence the ability to predict and control the robustness of the metastable
composite interface is crucial for engineering omniphobic surfaces, which is explored in
Chapter 3 of this thesis.
Appendix A. The Generation of the Energy Landscape
As a liquid wets the structure of a textured substrate, the original liquid-air of the liquid
droplet and solid-air interface on the textured surface are progressively replaced by the
liquid-solid interface, leading to a gain or loss in the overall energy of the system.
Marmur used this idea to predict the stability of a composite interface 20 ' 21, and I modify
Marmur's equation using a new set of variables (h, 0*). The analysis is performed by
calculating the actual change in the Gibbs free energy density from a reference point (G*
= (change in the free energy of the system) / (original surface area of the liquid droplet))
of a liquid drop associated with the propagation of the solid-liquid interface on a rough
substrate8 ' 25, 28
First, for any given value of the normalized height of the liquid-air interface
from the base of the surface texture (h; normalized with respect to the maximum height
of the texture), we assume a number of different values for the temporary apparent
contact angle 0* such that 00 < 0* < 180'. Next, we calculate the Gibbs free energy
density (G*) of the liquid drop for a given 0* and h, with respect to a reference state of G*
= 0 at h = 1, as:
* =y 1 rR 2 (-2-2 cos 0*(r cos 0+ -1))
and R=R 3cos* +cos3 *
where R = radius of a drop in contact with surface with a temporary apparent contact
angle 0, Ro = original radius of drop (with 0* = 180' at h = 1), ro is the ratio of the total
wet area to the projected wet area and QS is the ratio of the projected wet area to the total
projected area, as shown in Fig. 2-lb. It should be noted that both ro and q, are uniquely
defined throughout the entire range of h. Also, the 0* value which minimizes the Gibbs
free energy density will be equal to the apparent contact angle OE* computed using the
Cassie-Baxter equation (Eq. 1-1; the Cassie-Baxter equation collapses to the Wenzel
equation when the liquid fully wets the substrate).
To numerically compute G*, we developed a Matlabo (Mathworks Inc.) code
with the following steps:
1. Given the data for a surface profile (z = z(x,y)), for any value of h, find the wetted
region by comparing z and h and thus compute 0.
2. Integrate to find the total wetted area, and hence compute ro .
3. Calculate G* as a function of 0* and . A minimum in G* corresponds to a point
of local equilibrium.
We can also compute the energy barrier around each equilibrium point, but the
calculated value of the energy barrier should be only considered as a qualitative indicator
of the robustness of the energy minimum. Since the proposed Gibbs free energy
calculation is based on the normalized height, the calculation does not take the effect of
absolute scales of the surface texture into account. Hence the resulting energy barrier
cannot be considered as any quantitative measure of the robustness.
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CHAPTER 3
DESIGN PARAMETERS
OF THE COMPOSITE INTERFACES
3.1. Introduction and Theory
3.1.1. Robustness Issue
Fig. 3-1 shows an image of bottomside of a polydimethylsiloxane (PDMS; y1, = 19.8
mN/m, droplet volume: -50 ptl; see the experimental methods section of this chapter for
further details) droplet, which was deposited and cured on a microhoodoo surface. It is
obvious that the microhoodoo surface resisted the penetration of the uncured PDMS
droplet and formed a composite interface1 . For a microhoodoo texture to maintain a
liquid-repellency against any low surface tension liquids, it is crucial to be able to support
the composite interface with these liquids. As demonstrated in Chapter 2, the criterion for
the existence of the composite interface is OE > /min2 5; however, this is only a necessary
not a sufficient condition in real cases. As mentioned in the previous chapter, various
sources including vibration, gravity, Laplace pressure, and other body forces creates a
significant pressure differential across the liquid-air interface. If this pressure differential
is large enough to disrupt the liquid-air interface to proceed to the bottom of the surface
texture, the entire composite state instantly transitions6-8 to the fully-wetted Wenzel
regime9. For low surface tension liquids, this transition is typically irreversible because
the fully-wetted regime is the global thermodynamic equilibrium. Hence the ability to
estimate the noted breakthrough pressure of the composite interface is imperative for
engineering robust liquid-repellent surfaces.
Figure 3-1. The liquid-air interface on the microhoodoo surfaces. (a) An SEM image of
bottomside of a PDMS droplet which was thermally cured on a microhoodoo surface
with , = 0.25. (b) Zoomed-in image of the PDMS droplet in (a). Array of dimples in the
composite interface are reverse of the solid-liquid interfaces formed on microhoodoo
textures. Irregularity of the patterns is due to the breakage of the silicon dioxide capping
materials occurred during the peeling process.
Although the previous studies by Marmur3' 4 or Nosonovsky 5 can reliably
recognize the local free-energy minimum, the utility of these free-energy based
calculations in estimating the breakthrough pressure is in fact rather limited. This is
because these analyses are based on the assumption of a flat liquid-air interface7 , which is
true only under a highly impractical condition of zero pressure perturbation. This
assumption severely conflicts with the failure mechanism of a composite interface, which
is, by nature, due to a pressure differential across the liquid-air interface. In real cases, the
transition between the composite and the fully-wetted regimes typically originates from
the sagging of the liquid-air interface, rather than from overcoming the activation energy
required to transition between the metastable and global equilibrium states 0' 11. In
addition, the assumption of a locally flat liquid-air interface in the Gibbs free-energy
approach leads to predictions of infinite breakthrough pressures if a surface's local
geometric angel r,i,n <: 0, owing to a singularity at V = 00 12. See Appendix A of this
chapter for further details.
3.1.2. Failure Modes due to the Sagging Phenomenon.
To provide more realistic predictions of the breakthrough pressure, the failure
mechanisms of the composite interfaces should be understood. Fig. 3-2 shows two kinds
of typical failure mechanisms. When the depth of the re-entrant pore is relatively shallow
(h2 in Fig. 3-2a), the sagging interface progressively approach the bottom of the pore with
increasing pressure perturbation values. When the sagging interface can touch the bottom
of the pores the liquid spread to satisfy its equilibrium contact angle OE on the bottom
surface; this leads to an instant transition to the fully-wetted regime2' 12, 13. In this thesis,
this failure mechanism is named as Mode A.
Clearly, high values of the pore depth h2 can lead to the formation of robust
composite interfaces; however, a composite interface on a surface with extremely deep
pores can still transition to a fully-wetted interface because of a spreading phenomenon
of the liquid-air interface along the re-entrant texture, which is due to a shift in the local
contact angle. On any rough surface, the liquid-air interface locally makes an angle OE
with the solid substrate as shown in Fig. 3-2b. As the applied pressure increases, the
liquid-air interface becomes more severely distorted, and the magnitude of the distortion
can be parameterized by the sagging angle S0. This distortion causes the liquid-air
interface to advance downward to a lower value of V/ = OE - 6S. Eventually, the local
liquid-air interface reaches the bottom of the re-entrant structure where q/ = mi, after
which any additional increase in pressure cannot be supported by changes in the local
geometric angle. Thus the liquid penetrates into the solid texture, leading to a fully-
wetted interface 12, and this failure mechanism is named as Mode B.
Figure 3-2. Possible failure mechanisms for a composite interface. (a) A schematic
illustration of a sagging liquid-air interface on a microhoodoo texture. The important
surface texture parameters W, D, H, R, hi, and h2 are also shown. The microhoodoo
surface has a relatively small pore-depth (h2), and a sagging liquid-air interface on such a
microhoodoo surface typically transitions to the fully-wetted regime by tough the bottom
of the pore. (b) A schematic illustration of the microhoodoo surface with a larger pore-
depth (h2) developed by increasing the microhoodoo height (H). A sagging liquid-air
interface on such a microhoodoo surface can still fail by spreading along the re-entrant
region of the hoodoos.
3.2. Derivation of Design Parameters
3.2.1. Breakthrough Pressures for Two Failure Modes
Noted two failure modes can be quantified by the values of the breakthrough pressure,
the pressure that causes the transition. First, the breakthrough pressure for Mode A failure
can be calculated as the following: Assuming the texture in Fig. 3-2 is one-dimensional,
i.e., the texture is uniform along the y axis, the curvature of the sagging interface (Rsag) is
correlated to the applied pressure (P) by the Laplace relation Rsag = yv / P. Then the
of the liquid-air interface, can be calculated assagging depth
h = Rsag (1- cos S) = y,(1- cos0)/P using a simple trigonometric relation. The
unknown variable 60 can be determined by the force balance between the surface tension
yiv and the pressure P:
2y1v sin S0 = 2DP (3-1)
Eq. 3-1 yields the value 60=sin-1(DP/,v ), which can be further simplified as
0 = sin-'(DP / y) = sin-'(D/Rsag) ,D/Rsag for shallow (i.e., Rsag >> D) sagging
interfaces. Then the sagging depth due to a pressure can be further simplified as:
Y y,(1 -cos O) , (l- - - sin20 2D 2  2PD2  (3-2)
P P R2P sagP Yv
Mode A failure occurs when the sagging depth hi becomes equal to the pore depth h2
(here h2 = H + R(1-cos0E); see Fig. 3-2), which leads to the breakthrough pressure for the
Mode A failure of the following:
i ,(H + R(1- cos0E))
Pbreakthrough,Mode A D 2 (3-3)
Similarly, the breakthrough pressure for the Mode B failure can be determined as
well. Since the shift of the local contact angle 60 for this case is significantly greater than
zero, 60 cannot be simplified as DiRsag and the original value should be used. The failure
occurs when S0 becomes equal to OE - Ymin, which can be represented by the following
relation:
60 = sin- 1 (DPreakthrough,Mode / ) = E - min (3-4)
Y7Y sin (0E - Vyn)or Pbreakthrough,Mode B (35)
3.2.2. Nondimensional Design Parameters.
Although the breakthrough pressure provides a dimensional parameter to quantify the
robustness of a given composite interface, sometimes it does not lead to a physical
intuition about the surface. For example, a textured surface possessing a certain
breakthrough pressure against a water droplet can instantly become fully wetted by a
typical millimetric-sized droplet of water, while another surface with the same
breakthrough pressure against an octane droplet of the same size can form a robust
composite interface. This is because the pressure differentials across the same sized
droplets can be widely different depending on the surface tension of the liquid. Hence,
scaling the breakthrough pressure to a particular reference pressure Pref can offer more
insightful parameters about the robustness of the composite interface formed between a
given textured surface and a liquid. Reference pressure can be freely chosen depending
on the main focus of the analysis. For example, the robustness of a composite interface
against an impact of a droplet might be obtained by scaling the breakthrough pressure to
the Bernoulli pressure of the droplet, In this chapter, the breakthrough pressure is scaled
to the reference pressure defined as Pre, = 2y,, / ~ , where cap = / pg is the
capillary length of the liquid, p is the liquid density, and g is the acceleration due to
gravity. Prey is a characteristic pressure whose magnitude is determined by a balance
between the surface tension values and the body forces arising from gravity that act on
the liquid-air interface. Thus Prey is close to the minimum pressure difference across the
liquid-air interface for millimetric-sized droplets or larger puddles on extremely
nonwetting textured surfaces. Consequently, if the ratio of Pbreakthrough / Pref is smaller
than unity, the composite interface may not be observed at all in practical cases. In
contrast, a composite interface possessing a high ratio of Pbreakthrough / Pref can be expected
to display high robustness12, 14
Since there exist two modes of failure, we have developed two nondimensional
design parameters, the robustness height (H*)2, 12, 13 and the robustness angle (T*)12 , 14
The first parameter H* provides a dimensionless measure of the pressure required to force
the liquid-air interface to become disrupted through the Mode A failure mechanism.
SPreakthrough,AMode A cap (H + R(1-cosOEL))H (3-6)
It should be noted that the capillary length cap appears in Eq. 3-6 only because of our
choice of the reference pressure Pref: Other choices of the reference pressure Pre could
also be made (e.g., for studies of impacting droplets or evaporating droplets); this would
change the numerical magnitude of H* but not its physical dependence on the geometric
parameters characterizing the composite interface. Similarly, the robustness angle T* can
also be defined as below:
T* = Pbreakthrough,Mode B cap sin(- in(3-7)
Pr, 2D
It is worth noting that for microhoodoo surfaces, the severely re-entrant curvature leads to
Vmin = 00, which enables large values of (0- min) . Geometries with mmin < 0' can
potentially lead to even higher values of T*.
The design parameters for the fabric-based structures, which were introduced in
Fig. 2-9, can also be developed in a similar way. The only difference between the
microhoodoo and cylindrical textures is that cylindrical textures do not possess the
additional pillar height H (see Fig. 3-2), and the robustness parameters are calculated as
below:
* 'breakthrough,ModeA capR(1-cos OE) (3-8)fabrics Pref D 2
S Pbreakthrough,Mode B _ cap Sin(O - in) (3-9)
fabrics Pref 2D
For fabric-based structures, it should be noted that the transition through Modes A and
Modes B are inherently coupled; this enables a single robustness factor A* which is a
generalized harmonic mean of the robustness height and angle (See Appendix B for a
detailed derivation for the robustness factor A*).
Increasing the magnitude of the robustness parameters (H* and T*) enables the
textured surface to form a robust composite interface, with a high energy barrier between
the metastable composite interface and a globally equilibrated wetted interface. It should
be noted that the liquid-air interface will transition through a failure mode possessing a
lower robustness parameter H* and T*; hence, the minimum value of the two parameters
should be used to assess the stability of the composite state. On the other hand, values of
H* or T* less than unity imply that the composite interface cannot maintain its stability
against small pressure differentials across the liquid-air interface.
In conjunction with the derived robustness parameters, it is often useful to define
another nondimensional design parameter, D* (the feature spacing ratio) to correlate the
measured apparent contact angles with the surface texture parameters. For any given
equilibrium contact angle OE, the apparent contact angles on the microhoodoo surface are
controlled by the feature spacing ratio D* = ((W+D)/W)2. In terms of the spacing ratio, the
Cassie-Baxter relationship (Eq. 1-3) for the flat-topped microhoodoo surface can be re-
written as cos 0* = -1+ (1 + cos0 E)/ D*. The spacing ratio for the fabric surfaces can be
defined in an analogous way: D* = (R+D)/R, and the application of spacing ratio is
particularly useful for fabric surfaces. This is because the wetted solid fraction for a
cylindrical texture is a function of the equilibrium contact angle. The spacing ratio D*
makes the mathematical analysis of fabrics significantly more convenient because it
allows us to decouple the effect from the surface texture (D*) and chemistry (OE) during
the analysis.
3.2.3. Correction Factors for H* and T*
2W 2D
Figure 3-3. (a) An SEM micrograph of a discrete microhoodoo surface (b) A schematic
illustration of the discrete microhoodoo geometry.
While the robustness parameters H* and T* are developed based on an assumption of one-
dimensional texture, most of the real microhoodoo surfaces are composed of two-
dimensional array of discrete hoodoos (Fig. 3-3a). For this discrete surface texture, the
robustness parameters H* and T* take a different form in comparison to the one-
dimensional striped-hoodoo surfaces discussed earlier. To derive these parameters, we
again start with the generalized form of the force balance relation (Eq. 3-1), which for the
discrete microhoodoo structure shown in Figs. 3-3a and 3-3b, becomes:
P ((W + D) 2 -W2 )= 2Wy sin Odiscrete (3-10)
By comparing Eq. 3-10 with the original relation, we get
s discrete= Sin6qtriped 2WD = sin striped D = sin68ri6ped + (3-11)
'sin s2WD id 2 srpd 2
Because D* 21, the sagging angle for the discrete hoodoo geometry (5 0discrete) is always
greater than the corresponding sagging angle for the striped-hoodoo structures (60striped).
Further, the difference between 8 0discrete and (,striped becomes larger with increasing
values of D* (or as Os decreases). By combining Eq. 3-11 with the original relations for
the robustness height (Eq. 3-6) and robustness angle (Eq. 3-7), H* and T* for the discrete
hoodoos can be easily defined as:
S 2 cp (R(1- cos O)+ H) cap sin( - in (3-12)T cap m) (3-12)
To achieve both high apparent contact angles and a robust composite interface,
we seek to maximize the two sets of design parameters, the spacing ratio (D*) and the
robustness parameters (H* and T*), simultaneously. For the microhoodoo geometry, this
can be achieved with relative ease because all of the major variables in the Eq. 3-12 can
be independently controlled. The horizontal features (D and W) are defined by a photo-
lithography and a dry etching process, while the vertical features (R and H) are defined
through deposition and isotropic etching steps. Thus, for microhoodoo geometry, the
spacing ratio D* and robustness parameters H* and T* are only weakly coupled. The rest
of this chapter focuses on the experimental validation of the proposed design framework
using three parameters, D*, H*, and T*.
3.3. Experimental Methods
3.3.1. Substrate Fabrication and Low Surface Energy Coating Process
The same fabrication techniques used in Chapter 2 were adopted. See the experimental
methods in Chapter 2 for fabrication details. Key features of the fabricated microhoodoo
surfaces are listed in Table 3-1.
3.3.2. Characterization of the Fabricated Microhoodoo Surfaces
Contact angle measurement. The contact angles for various liquids were measured
using a contact angle goniometer, VCA2000 (AST Inc.). The advancing contact angle
was measured by advancing a small volume of the probing liquid (typically 2-4 1) on to
the surface, using a syringe. The receding contact angle was measured by slowly
removing the probing liquid from a drop already on the surface. For each sample a
minimum of four different readings were recorded. Typical error in measurements was -
2".
SEM imaging of PDMS droplet. Sylgard® 184 silicone elastomer kit was purchased
from Dow Corning, Inc. Mixing ratio of the PDMS and the crosslinker was 10:1. A
PDMS droplet with a typical size of - 50 tl was deposited on each of the various dip-
coated microhoodoo surfaces. The droplet was then thermally cured in an oven at 850 C
for 30 minutes. Finally, the PDMS droplet was peeled off the microhoodoo surface and
placed in the SEM chamber for imaging.
3.4. Results and Discussion
3.4.1. Optimum Design of Microhoodoos.
As described earlier, the structural parameters for the microhoodoo geometry - that is,
the spacing (D), height (H), radius (R), and width (W) (see Figs. 2-10, 3-3) - can be
controlled independently through the micro-fabrication processes. Here, we use the
design parameters D*, H*, and T* to engineer omniphobic hoodoo surfaces that repel a
wide range of liquids, possessing surface tensions between yv, = 15.1 mN/m (pentane) and
7, = 72.1 mN/m (water). Fig. 3-4a shows the apparent contact angle for a number of
different liquids on silicon dioxide microhoodoos with D = 10 rtm, H = 7 pm, R = 0.15
jtm, and W = 10 ptm. After lithographic fabrication, the hoodoos were silanized through a
vapor phase reaction with 1H,1H,2H,2H-perfluorodecyltrichlorosilane (see experimental
methods in Chapter 2) to lower their surface energy and correspondingly increase the
magnitude of the robustness parameters H* and T*. As an alternative to silanization, the
hoodoo samples can also be dip-coated in a solution of fluorodecyl POSS 2' 15 to obtain
similar results. These observations of exceptionally high contact angles with relatively
low surface tension liquids are a consequence of the high values of both the spacing ratio
(D* = 4) and the robustness parameters for the silanized hoodoos (H* > T* = 35 with
pentane, the lowest surface tension alkane available in liquid form at atmospheric
pressure).
An example of the extreme non-wettability and low contact angle hysteresis
obtained on the silanized microhoodoo surfaces, even with relatively low surface tension
liquids, is shown in Fig. 3-4b. This series of images illustrates that a falling droplet of
hexadecane (y v = 27.8 mN/m) does not penetrate the silanized microhoodoo surface
(same texture as in Fig. 3-4a, D* = 4 and T* = 42). Instead, the droplet rebounds off this
surface, even though the corresponding equilibrium contact angle on a smooth, silanized
wafer is OE = 780. The detailed dynamics of droplet rebound have been studied
extensively for the case of a high surface tension liquid like water (with OE > 900) on
superhydrophobic surfaces 16 . Further, this kind of bouncing water droplet has been
utilized by multiple research groups to demonstrate the superhydrophobicity of the
fabricated surfaces 1', 17, 18. However, such dynamic droplet repellency has not previously
been demonstrated with low surface-tension liquids like hexadecane, for which the
equilibrium contact angle OE < 900.
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Figure 3-4. Omniphobicity of microhoodoo arrays. (a) The apparent advancing and
receding contact angles on a silanized microhoodoo surface. (b) A series of images
obtained using a high-speed digital video camera that illustrates the bouncing of a droplet
of hexadecane on a silanized microhoodoo surface.
To provide a direct measure of the robustness of a composite interface on the
microhoodoo surface, we evaluate the breakthrough pressure required to induce the
transition from the composite Cassie-Baxter state to a fully-wetted Wenzel state. For this
measurement, a liquid droplet is placed on the silanized microhoodoo array and allowed
to evaporate under ambient conditions. As the droplet evaporates, its radius decreases,
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and for droplets with radii significantly smaller than the capillary length of the liquid, the
local pressure at the composite interface is given by the Young-Laplace relation, P(t) =
2 Ytv/Rdrop(t).
To further illustrate the effect of the design parameters on the property of the
composite interfaces, Fig. 3-5 compares different series of images of methanol droplets,
one on a microhoodoo surface possessing D* = 9 and T* > H* = 6.8 (Fig. 3-5a; , = 0.11,
D = 20 rtm, H = 3 ptm, R = 0.15 ptm, and W= 10 m) and another droplet on a different
microhoodoo surface with D* = 4 and H* > T = 49 (Fig. 3-5b; 0, = 0.25, D = 10 gim, H =
7 gm, R = 0.15 ntm, and W = 10 gm). It can be seen that the droplet on a microhoodoo
surface with low robustness parameter easily snaps and fully wet the surface, while the
other droplet remains to be in the composite state until the droplet completely disappears.
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Figure 3-5. (a) A series of images (obtained over a period of 5 min), showing the
evaporation of a droplet of methanol under ambient conditions, on a microhoodoo surface
possessing low robustness parameter (H* = 6.8). (b) A series of images showing a droplet
of methanol evaporating on a microhoodoo surface with high robustness parameter (T* =
49)
Table 3-1 provides the breakthrough pressures with octane, as well as the values
of the corresponding design parameters (D*, T*, and H*) for each of the microhoodoo
surfaces we synthesized. Certain microhoodoo surfaces can support a composite interface,
with droplets having a radius as low as 30 tm, corresponding to a breakthrough pressure
of -1,400 Pa. This result represents the upper limit of our measurement capability
because of the fact that at this point the octane droplet is sitting on only two individual
hoodoos, with W = 10 [m and D = 5 tm. Thus, the actual breakthrough pressures for
these surfaces are expected to be even higher. This value of the breakthrough pressure
corresponds to the hydrostatic pressure exerted by a column of 200 mm of octane, and
illustrates the high robustness of the composite interface supported by the microhoodoos.
Table 3-1 lists the key dimensions and predicted values of the design parameters, as well
as the measured breakthrough pressures. The strong correlation between the robustness
parameters and the measured pressures implies that the breakthrough pressure varies
directly with the robustness parameters (i.e., smaller value between H* and T*)
demonstrates the utility of the robustness parameters in designing and ranking of the
performance of various nonwetting surfaces.
The robustness parameters (Eq. 3-12) also suggest that even higher breakthrough
pressures can be achieved at the same values of D* (or apparent contact angles) with the
microhoodoo geometry by simultaneously shrinking the hoodoo width (W) and spacing
(D). The dependence of the robustness on the scales of the texture suggests that, the
ability to form nano-scale textures is highly desirable for engineering much more robust
omniphobic surfaces.
Table 3-1. The surface characteristics for the various silanized microhoodoo surfaces
synthesized, the computed values for the various design parameters and the advancing
and receding contact angles with octane (yv = 21.7 mN/m, OE = 550), as well as the
corresponding breakthrough pressures with octane, arranged in ascending order of the
measured breakthrough pressure.
Sample O*adv *rec W H D D T* Measured
(pm) (p) (pm) breakthrough
pressure (Pa)
1 1620 1440 10 3 20 9 6.8 18 61.2
2 1610 1430 10 4 20 9 9 18 80
3 1620 1410 10 3 15 6.3 14 28 91.2
4 1630 1430 10 7 20 9 16 18 113
5 1620 1420 10 4 15 6.3 18 28 244
6 1610 1410 10 7 15 6.3 32 28 175
7 1580 1420 10 3 10 4 36 49 232
8 1600 1410 10 7 10 4 84 49 863
9 1590 1320 10 3 5 2.3 173 118 >1400
10 1590 1340 10 7 5 2.3 403 118 >1400
3.5. Conclusions
In conclusion, I have shown that in spite of the absence of any material repellent to
liquids with extremely small surface tension values, it is possible to engineer robust
omniphobic surfaces that repel almost any liquid, through the optimization of the re-
entrant curvature within the surface texture. The presence of re-entrant curvature per se
allows for the possibility of developing a metastable composite interface with various low
surface tension liquids (as evidenced by multiple energy landscapes in Chapter 2,
possessing local minima in the overall free energy), However, in practice a surface may
not display a composite non-wetting state, if the breakthrough pressure required to induce
the transition to the fully-wetted regime is small. Evaluating the magnitudes of the two
robustness parameters H* and T* with a particular contacting liquid, allows us to
systematically design the solid surface texture that imbues maximum stability (highest
breakthrough pressure) to the composite interface. Simultaneous maximization of all
three design parameters (D*, H* and T*), through the independent control of the surface
chemical and topological features, allows us to engineer multiple surfaces that display
both extremely high apparent contact angles > 1600, as well as, a robust composite
interface, with exceptionally high breakthrough pressures (> 1400 Pa even for octane) for
all liquids tested (y, between 15.7 mN/m - 72.1 mN/m), which we define robust
omniphobicity.
Appendix A. The limit of Gibbs Free-Energy Approach
Figure 3-6. A schematic illustrating the formation of a composite interface and
highlighting the various texture parameters used in the calculation of the breakthrough
pressure, described below. The local liquid-air interface is assumed to be approximately
flat.
Equilibrium of the composite interface is defined as the point which minimizes the
overall free energy of the system. One method to quantify the degree of stability of each
equilibrium is to use the height of the energy barrier2-5 from the equilibrium (see Tables
2-1 and 2-2). However, the breakthrough pressure which allows the liquid to escape the
local equilibrium is more practically important measure of the stability, and we can try to
exploit the free-energy equation proposed in Chapter 2 (see the appendix A of Chapter 2)
to derive this breakthrough pressure.
If we assume the internal pressure within a liquid volume pushes at the composite
interface, the work done on the composite interface by the pressure (W,) should be equal
to the change in interfacial energy of the composite interface (Ecomp), i.e.,
SWp = dEcomp (3-13)
When the composite interface moves by the amount equal to dh, the amount of energy
per unit area stored in the composite interface Ecom,,/Area (or, the equivalent interfacial
tension of the composite interface) is changed by
dYcomp = d(Ecomp / Area) = d(r s , (ys- - r,,)- ,,)
Now, using Young's relation 19 cos 0 E = (y, - Ysz) / y,,
dYcomp = -d(rqos cosOE + b)yv (3-14)
This change in the areal free energy density should be equal to the energy input from the
pressure, which can be defined as (W / Area) = PV V/Area = P(1- q) dh (see Fig. 3-
6), where (1 - , ) is the fraction of the liquid-air interface (only the liquid-air interface is
displaced on the application of external pressure, allowing the pressure to generate work).
Thus, the external pressure required to force the composite interface to penetrate into the
surface texture by an additional depth 'dh', from a position where the liquid-air interface
makes an angle V with the local geometry (Fig. 3-6b), can be computed as:
S-d(rs cosOE d+)y, _ -y d(rs cosOE qs) d(ss)) ds ds
S (1-s)dh (1-s) dh (1-s) do dh dh
S dqs  d(Q) 1 andFrom Fig. 3-6b, it is clear that sin - - - s or and
2 drb, dos cosV
( (A / 2)dbs (A / 2)d#, 1
tan 2) dhdt or = . Therefore,2 dh dh tany
S -7 1 C-co E d -7 -cosE -2 27,, (cosy -cosOE )
(1-s)( cosy dh (1-s) cosy )Atan (1-bs)A siny
(3-15)
Here A is the inter-feature distance or the pitch, as shown in Fig. 3-6.
Physical Interpretation of Equation 3-15
With the derived results, we can identify three dominant parameters that affect the
breakthrough pressures. First, cos -cos0 in the numerator suggests that the
breakthrough pressure increases as the difference between the minimum V and OE
increases. The other parameter (1 - 0,, )-I in the numerator implies that the breakthrough
pressure decreases as the fraction of solid decreases. As b, becomes lower, the effective
pressurized area increases while the length of the contact line decreases where the surface
tension can act to resist the wetting. Since most of super-liquid repellency is
accomplished through very low values of 0A, this aspect can be a limiting factor for the
texture design. Finally, A in the denominator reveals that, when the shape of the surface
texture is the same, the stability of the composite interface is highly affected by the scale
of the textures.
Limit of Equation 3-15
Although all three of the noted parameters composing Eq. 3-15 provide us some insight
about the robustness of a composite interface, this free-energy approach has a major
defect due to the ignorance of the sagging phenomenon. Eq. 3-15 shows that the pressure
required to force the liquid-air interface to penetrate into the solid texture increases
rapidly as y -> 00. Hence, once the liquid-air interface reaches the bottom of a structure
possessing re-entrant curvature, such as a microhoodoo surface (,in = 00), so that ' =
00, Eq. 3-15 predicts that an infinite amount of pressure is required to further propagate
the liquid-air interface, leading to the formation of a fully-wetted interface. These
predictions are in stark contrast to our experimental measurements of finite breakthrough
pressures for various liquids on both the electrospun and micro-hoodoo surfaces. The
errors in the breakthrough pressure predictions from Eq. 3-15 are a direct consequence of
the assumption of a flat liquid-air interface. In actual experiments, on the application of
external pressure, considerable local sagging and distortion of the liquid-air interface can
occur and the actual failure of the composite regime typically originates from the sagging
of the liquid-air interface, as explained in detail previously in this Chapter.
Appendix B. The Derivation of the Robustness Factor A*
Figure 3-7. Detailed schematic diagram of the liquid-air interface distortion due to
external pressure. On the application of external pressure, the original liquid-air interface
(shown in blue) sags downward to new position (shown in green) by the amount equal to
hH, but the contact line between the interface and the solid moves downward as well by
h9e
Robustness parameters H* and T are derived based on the assumption that the sagging
height (hi) and the sagging angle (8) are independent of each other. However, on the
application of external pressure on a liquid-vapor interface, both hi and 50 increase
simultaneously, and therefore the real robustness for the composite interface can be much
lower than the prediction by either H* or T* individually. As an example, consider Fig. 3-
7, which shows the deformation of the liquid-air interface on the fabric surface with
cylindrical textures. If the droplet's internal pressure is equal to the reference pressure
P, = 2yt /  , the radius of curvature (r) of the distorted liquid-air interface is given as
K = R -1 (= 2f-P for our reference drop). The total sagging height (htotal) is the sum of the
two heights hH and ho (as shown in Fig. 3-7), which can be both computed as:
0
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s2Rag
as H* = (1-cosOE)Rca
D 2
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Thus, from Eqs. s4-16 and s4-17, the total sagging height (htotal) can be calculated as:
R (1- cos0) R sin2 0
htotal = hH + he = H + TH* T* (3-18)
Again, from Fig. S7a, it can be seen that when the sagging interface reaches the bottom
of the pore, the pore depth (h2) for the electrospun surfaces can be given as:
h2 = R(1-cos0E) (3-19)
Next, if we define A* as the ratio between the pressure needed to reach the next fiber
layer scaled with the reference pressure, then by analogy to our derivation of the
robustness height H* (also see Eq. 3-7), the combined robustness factor A* becomes:
P
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which is a generalized form of a harmonic mean between H* and T*.
The unified robustness factor A* provides a convenient tool to predict the stability
of composite interfaces on fabric surfaces. However, it should be noted that the same
unification strategy for a microhoodoo surface is impractical. The mutual coupling
between the sagging height (hi) and the sagging angle (S) of the composite interface
formed on a microhoodoo surface (see Fig. 3-2) is highly affected by the ratio between
the thickness of the cap (2R) and the height of the pillars (H). For the microhoodoos
synthesized in this work, the ratio was very small (2R/H < 0.05), which results in
essential decoupling between two robustness parameters. Hence the minimum, not the
harmonic mean, of the robustness height and angle should be utilized as an indicator of
the stability of the metastable composite interface on microhoodoos.
References for Chapter 3
1. Cassie, A.B.D. & Baxter, S. Wettability of porous surfaces. Transactions of
Faraday Society 40, 546-551 (1944).
2. Tuteja, A. et al. Designing superoleophobic surfaces. Science 318, 1618-1622
(2007).
3. Marmur, A. Wetting on hydrophobic rough surfaces: To be heterogeneous or not
to be? Langmuir 19, 8343-8348 (2003).
4. Marmur, A. From hygrophilic to superhygrophobic: Theoretical conditions for
making high-contact-angle surfaces from low-contact-angle materials. Langmuir
24, 7573-7579 (2008).
5. Nosonovsky, M. Multiscale roughness and stability of superhydrophobic
biomimetic interfaces. Langmuir 23, 3157-3161 (2007).
6. Lafuma, A. & Qudr6, D. Superhydrophobic states. Nature Materials 2, 457-460
(2003).
7. Patankar, N.A. Transition between superhydrophobic states on rough surfaces.
Langmuir 20, 7097-7102 (2004).
8. Nosonovsky, M. & Bhushan, B. Patterned nonadhesive surfaces:
superhydrophobicity and wetting regime transitions. Langmuir 24, 1525-1533
(2008).
9. Wenzel, R.N. Resistance of solid surfaces to wetting by water. Industrial and
Engineering Chemistry 28, 988-994 (1936).
10. Reyssat, M., Pepin, A., Marty, F., Chen, Y. & Quere, D. Bouncing transitions on
microtextured materials. Europhysics Letters 74, 306-312 (2006).
11. Qudrd, D. & Reyssat, M. Non-adhesive lotus and other hydrophobic materials.
Philosophical Transactions of the Royal Society A-Mathematical Physical and
Engineering Sciences 366, 1539-1556 (2008).
12. Tuteja, A., Choi, W., Mabry, J.M., McKinley, G.H. & Cohen, R.E. Robust
omniphobic surfaces. Proc Nat Acad Sci 105, 18200-18205 (2008).
13. Tuteja, A., Choi, W., McKinley, G.H., Cohen, R.E. & Rubner, M.F. Design
parameters for superhydrophobicity and superoleophobicity. MRS bulletin 33,
752-758 (2008).
14. Choi, W.J. et al. Fabrics with tunable oleophobicity. Adv. Mater. (2009, published
online).
15. Mabry, J.M., Vij, A., Iacono, S.T. & Viers, B.D. Fluorinated Polyhedral
Oligomeric Silsesquioxanes (F-POSS). Ange. Chem. Int. Ed. 47, 4137-4140
(2008).
16. Okumura, K., Chevy, F., Richard, D., Quere, D. & Clanet, C. Water spring: A
model for bouncing drops. EPL (Europhysics Letters), 237 (2003).
17. Lau, K.K.S. et al. Superhydrophobic carbon nanotube forests. Nano Letters 3,
1701-1705 (2003).
18. Quer6, D. Non-sticking drops. Rep. Prog. Phys. 68, 2495-2532 (2005).
19. Young, T. An essay on the cohesion of fluids. Philosophical Transactions of the
Royal Society of London 95, 65 (1805).
CHAPTER 4
THE CONTACT ANGLE HYSTERESIS AND
THE MODIFIED CASSIE-BAXTER RELATION
4.1. Introduction and Theory
4.1.1. A Historical Debate
The Cassie-Baxter (CB) model is widely used to predict the apparent contact angles
obtained on various textured substrates that support composite (solid-liquid-air)
interfaces. However, in their original paperl, Cassie and Baxter derived CB relation only
to describe an apparent contact angle for a very specific composite interface: An apparent
contact angle for a composite interface formed on a one-dimensional parallel textures
(see Fig. 4-la), when the liquid droplet advances or recedes along the cylindrical textures,
that is, the apparent contact angle viewed along the x axis in Fig. 4-la. This specific
choice of texture allowed Cassie and Baxter to accurately correlate the measured apparent
contact angles for a composite interface with the details of the solid surface texture. Their
calculation was based on an implicit assumption2: upon the formation of a composite
interface, a given liquid droplet reaches a uniquely defined apparent 'equilibrium' contact
angle (0 ) to minimize the overall free energy of the system as it does on flat surfaces.
Provided the feature size of the surface texture is much smaller than the size of the liquid
droplet, it can be readily shown that the free energy of the system reaches the global
minimum when the apparent contact angle (0*) on a composite interface attains a value
described by the CB relation (Eqs. 1-1, 1-2, 1-3)' 3 . Eq. 1-2, which is the most widely
used form, is repeated below for convenience:
cosOE = r, cos 01 + (1- ) cos 02  (4-1)
where O is the areal fraction of the liquid-air interface occluded by the texture (marked as
black in Fig. 4-1b) and ro is the 'roughness' of the wetted surface (i.e., the ratio of the
actual surface in contact with the liquid to the projected area of the wetted region).
Further rob, and 1 - , are the areal ratios of the solid-liquid interface (Ais; marked as
green in Fig. 4-1b) and the liquid-air (Aiv; marked as gray) interface respectively,
compared to the total projected area (Atotal) of the composite interface. Finally, 01 and 02
refer to the equilibrium contact angles on solid and air regions, which are typically equal
to OE and 1800 respectively3' 4. There exist several types of textures on which 02 of the
composite interface is not 1800, and those textures will be discussed in detail through
sections 4.3.2 and 4.3.3.
Figure 4-1. The apparent contact angles on the composite interfaces. (a) A liquid droplet
on a hypothetical, one-dimensionally textured surface. The shape of the texture is
constant along the y axis. (b) Details of the composite interface between the liquid
droplet and the textured surface shown in (a). (c) A wing of a butterfly that displays
anisotropic hysteresis, resulting in the direction-dependent roll-off angles. (inset) An
SEM image illustrating the details of the one-dimensional surface texture of the wing. (d)
A hypothetical displacement of the triple-phase contact line, by a distance e. Typical
spacing between the surface textures are noted as A.
Cassie and Baxter were aware that their model was not accurate for general
cases . Even on the specific texture they have analyzed, the apparent contact angle
viewed from the orthogonal direction (along the y axis in Fig. 4-la) deviated significantly
from their prediction. Hence they warned that their model should be applied with care for
general textures. Despite their concern, since its development, the CB relation has been
widely used to describe numerous composite interfaces on various surface textures5 . This
is because of the qualitative validity of the CB model: it can be readily proven that the
apparent contact angle given by the CB relation, if can be reached, always minimizes the
free energy of the composite system, regardless of the texture details of the surface2' 6
This means that the droplet reaches its global equilibrium when it reaches the apparent
contact angle described by the CB model.
Nevertheless, there has been a long-standing debate in the literature regarding the
range of applicability, as well as the accuracy of the CB relationship1, 2.5-17 . This dispute
stems from the fact that there can be a range of contact angles (0*) on a given composite
interface as a droplet advances or recedes. The contact angle hysteresis (CAH;
A' = 0adv -0.. ) is the difference between the apparent advancing and receding contact
angles, and is a measure of the 'stickiness' of a surface, i.e., the difficulty encountered by
a droplet as it rolls off a surface 18' 19. Many natural superhydrophobic surfaces utilize
CAH to control the behavior of the contacting water droplets, e.g., negligible roll-off
angles on lotus leaves 20, directional wettability on stripe-textured butterfly wings (see
Fig. 4-1c) 13 , or sticky composite interfaces on rose petals21. However, the CB relation
predicts only a single value of the apparent contact angle (0,), and consequently, the
relation is inherently unable to provide an explanation for these CAH-based observations.
Indeed, numerous groups, both through experimental measurements and
numerical simulations, have noted the inability of the CB relation to predict apparent
advancing and receding contact angles on a range of surface geometries 5' 7, 9, 10,12-14, 22
These issues have been highlighted recently by Gao and McCarthy, who challenged the
validity of the CB model by demonstrating significant differences between the CB
predictions and their experimental measurements of the apparent contact angles on
heterogeneous surfaces 5. Several studies 6' 15, 16 have attempted to reconcile the
experimental observations of Gao and McCarthy with the CB relation by suggesting that
the CB relation is valid as long as one considers the local values of the areal fractions of
the solid-liquid (ro,) and liquid-air (1 - 0s) interfaces in the vicinity of the triple-phase
contact line (denoted as TCL for brevity). This proposed reconciliation is based on the
fact that for a displacement of the TCL (denoted c in Fig. 4-1d) that is on the same order
as the typical scale (A2 in Fig. 4-1d) of the surface heterogeneity, the average values of the
local areal fractions are the same as the global fractions. However this view cannot
explain the observed CAH on most natural and synthetic surfaces, hence it was again
challenged by Gao and McCarthy 22
4.1.2. Alternative Approaches
Through the years, various groups have also tried to modify the classical CB relation in
order to enable it to predict the apparent advancing and receding angles, and thereby,
contact angle hysteresis. The various different modified relations can be broadly
classified into two categories, based on the inherent assumptions used to correlate the
details of the surface texture with the resulting apparent contact angles:
An Approach using a Concept of Linear Fraction
Multiple studies suggested that the apparent contact angles are determined by the linear
fractions of solid and air calculated along the TCL, not by the overall areal fractions 2, 5,9,
23-25. This approach is based on the assumption that the advancing and receding of the
droplet are phenomena occurring only at the proximity of the TCL or the outer boundary
of the liquid droplet; hence the contact angle should not be affected by the condition far
from the TCL 5. This assumption was experimentally validated by Gao and McCarthy 5,
who measured contact angles on surfaces shown in Fig. 4-2a. The surfaces had two
regions with different wettabilities introduced either by surface chemistry (inset a) or
topography (insets b,c). For these surfaces, the classic Cassie-Baxter relation should
predict the apparent contact angles based on the areal fractions of the solid and air
regions, which are averaged over the entire area inside the TCL. However, measured
contact angles were simply correlated to the local wettability of the region on which the
TCL lies. Then it should be anticipated that the linear fractions of the solid and air
directly beneath the TCL, not the average areal fractions inside the TCL, would be the
dominant factor which determines the apparent contact angles.
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Figure 4-2. Various approaches to modify the classic Cassie-Baxter relation. (a) Various
surfaces possessing two regions with different wettabilities. For all insets the liquid
droplets contact the surface forming TCLs with a diameter D. (inset a) A hydrophilic spot
in the hydrophobic field, (inset b, c) a rough spot in a smooth field or vice versa. (inset d)
An SEM image illustrating the texture of the rough regions. The images are from the
work of Gao and McCarthy5. (b) The concept of linear integral along the TCL. The
image is from the work by Swain and Lipowsky23. (c) The effect of the details of the
surface texture. The darker lines describe possible TCLs for liquid droplets in contact
with these surfaces: (inset a) an interconnected wall-texture on which a fairly continuous
TCL can form, (inset b) separated ridges on which a discontinuous but substantial TCL
can form, and (inset c) separated pillars on which a very discontinuous TCL forms. The
images are from the work by Chen et a18.
As one of the earlier attempts to modify the CB relation using the concept of
linear fractions, Swain and Lipowsky23 have developed an exact formula which correlates
the apparent contact angle values to the linear fractions of the solid and air beneath the
TCL by integrating the cosine of the equilibrium contact angles along the TCL (see Fig.
4-2b), assuming the shape of the TCL is known. Despite its mathematical integrity,
Swain-Lipowsky model had a severe drawback which comes from the fact the TCL on a
composite interface is highly distorted by nature. In other words, it is practically
impossible to predict the shape of the TCL on general textures; hence Swain-Lipowsky
model cannot provide real predictions on the apparent contact angles except for some
extremely simple textures. To overcome this limit, several studies made an assumption
that the TCL remains nearly spherical when the droplet makes contact with the textured
surface 25, or simply ignored the possible distortion of the TCL6. Most of the calculations
based on these rather strong assumptions, unfortunately, led to the equations essentially
the same as the original Cassie-Baxter relation which predicts only a single value of the
apparent contact angle. One noteworthy exception is the work by Extrand9, who
accurately predicted the apparent advancing and receding contact angles for several
prototypical textures, based on the assumption of the undistorted TCL shapes.
An Approach Considering the Distortion of the Triple-phase Contact Line
Another multiple groups suggested that the observed apparent contact angles deviate
from the predictions of the CB model due primarily to distortion of the TCL7' 8, 22, 26
Drelich et al.7 fabricated a flat surface composed of stripe-shaped heterogeneous
chemical patterns possessing different equilibrium contact angles. They compared the
apparent contact angles measured along two orthogonal directions and found a significant
difference between the obtained values depending on the directions. They concluded that
the difference stems from the microscopic distortion of the TCL, as the distortion of the
TCL can introduce additional level of excessive free energy. This additional free energy
from the distortion of the TCL is known as line tension 27; and whether it possesses a
significant magnitude or not is still under a debate28 30.
Many other groups, even without considering the effect from the line tension, still
suspected the distortion of the TCL as the main source of the contact angle hysteresis.
Chen et al. 8 pointed out that the triple-phase contact lines on surface textures with the
same wetted solid fraction q, or roo, values, can be widely different from each other
depending on the texture topography and connectivity (see Fig. 4-2c). They suggested
that this difference between the distorted shapes of the TCL should result in the
difference between the contact angles, and this qualitative description has been accepted
by multiple researchers' 17, 26.However, although the explanation is intuitive, none of these
studies succeeded to provide any quantitative predictions about the apparent advancing
and receding contact angles.
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4.1.3. Differential Areal Fraction.
To provide accurate predictions of the apparent advancing and receding contact angles,
we modify the classical CB relation by introducing a new surface texture parameter bd,
where the subscript d refers to the differential area. While the global free energy
minimum is always attained at the apparent contact angle of 0,. given by the classic CB
relation, many other apparent contact angles can be locally metastable if the system is
energetically trapped inside a local free energy minimum 2. The apparent contact angle
corresponding to each of these minima can be obtained as the following: The change in
free energy should be calculated for an infinitesimally small hypothetical TCL
displacement (so that e in Fig 4-1d is much smaller than the topographical feature size A
or (e / A) -> 0 ). Then we can define the differential parameter qd so that
robd = (SA,,/60A,oa)(/)o and 1- Od= (SA/, o5AoI)(Eo . These definitions more
accurately reflect the fractions of the differential areas of the solid-liquid (SAst) and
liquid-air (SA,,) interfaces that are traversed by the TCL during the translation e,
compared to the total differential area (SAtotat). As we noted previously in the section
4.1.1., it was demonstrated theoretically that the difference between the differential
parameter a and the global measure 0, disappears at large displacements of the TCL, i.e.,
when e ~ 6, 16. However, in case of an infinitesimally small TCL translation the values
of d may deviate considerably from 0. Thus the local criterion for a minimum in the free
energy can be satisfied by the apparent contact angles given by the relation,
cos O* = ro cosO1+ (I - )cos0 2 (4-2)
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The final form (Eq. 4-2) is very similar to many of the previous models derived
using the linear fractions9' 23, 24. However, it should be noted that 0d remains an areal ratio,
which can be simplified to the previously proposed linear fractions only under certain
limiting cases. Further, the concept of the differential area parameter is especially useful
when the TCL is placed on the boundary between heterogeneous regions, a boundary for
which neither linear fraction nor local areal fraction can be defined. Further comparison
between the differential parameter and the linear fractions is given in the Appendix A of
this chapter.
The apparent advancing contact angle 0adv can be defined as the maximum
contact angle that can remain locally stable in the microscopic proximity (i.e., at
distances less than A) of the original TCL location. As long as cos0 1 > cosO2 which is the
case for most composite interfaces, it is clear from Eq. 4-2 that 0adv can be calculated at
the lowest value of the ratio rood /(1l-4 ). Provided the roughness of the solid-liquid
interface ro is spatially homogeneous, rod /(1 - d) becomes minimized when the
differential parameter q1d reaches its minimum or d,,dv = min . The apparent
receding contact angle is defined in an analogous way, thus lI,ec = max A . As a result,
the apparent advancing and receding contact angles should be predicted by the
modification of the CB relation proposed below:
cos dv = r bd,adv COS 01 + (1-d,adv ) cos 02 (4-3a)
cos Ore = rood,rec COS0 1 +(1 - Od,rec) COS O2 (4-3b)
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It is previously noted that the generalized model developed by Swain and
Lipowsky 23, which is based on the linear fractions, could not provide real predictions
about the apparent advancing and receding contact angles unless the detailed shape of the
TCL is known. In contrast, Eqs. 4-3a and 4-3b can be readily utilized to predict the
apparent advancing and receding contact angles without any knowledge about the shape
of TCL. Fig. 4-3 shows several surface textures where Eqs. 4-3a and 4-3b can be easily
applied. As shown in Fig. 4-3a, the differential area that a TCL encounters while its
translation, provided the shape of the TCL does not change during its infinitesimal
movement (Li - L2), can be calculated as a multiplication of the length (A) of the straight
projected TCL and the translation distance (e), regardless of the detailed shape of the
TCL. Similarly, for a liquid droplet forming a composite interface on a stripe-textured
surface shown in Fig. 4-3b, the differential areas of the solid (green) and air (gray)
regions for a TCL moving along the stripes become equal to 2W x e and 2D x E
respectively. Then the differential areal solid fraction over the total differential area is
calculated as d = 2W/(2W + 2D), which coincides with the global areal solid fraction 0,
of the given textured surface.
On the other hand, the shape of a TCL on discrete pillars morphs drastically
depending on the direction of the movement. Figs. 4-3c and 4-3d show top views of the
advancing and receding TCLs on surfaces textured with discrete pillars. For an advancing
TCL, the maximum resistance occurs when the TCL tries to advance from the outer edge
of the pillars across the air region (Fig. 4-3c). In this case, the TCL translates over a
homogeneous air region and the differential areal solid fraction becomes d,adv = 0. In
contrast, the maximum resistance against a receding TCL movement occurs when the
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fraction of the solid reaches maximum (Fig. 4-3d). In this case, the heterogeneity between
the solid (green; width: 2W) and air (gray; 2D) regions considerably distort the TCL,
rendering the models based on the linear solid and air fractions inapplicable. However,
the shape of the TCL does not change during its infinitesimally small receding
displacement; hence the translation of the TCL exposes the solid and air regions by the
amount of 2W x e and 2D x e respectively. As the global areal solid fraction of the
discrete pillar region is given as , = (2W/(2W + 2D))2 , the differential areal solid
fraction for the receding TCL is readily calculated as dr,, e = 2W/(2W + 2D) = .j .
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Figure 4-3. (a) A differential region swept during a translation of a hypothetical triple-
phase contact line (TCL) by a distance e (L1 -> L2). The effective area of the region is
equal to A x e. (b) Infinitesimal movement of a TCL on a stripe-textured surface,
advancing or receding along the stripes. Texture tops are colored red and air regions are
colored white. (c) A differential area defined by a TCL advancing from the outer edge of
the pillars across the air region. (d) A differential area defined by a TCL receding over
the pillar region.
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The rest of this chapter examines the validity of each of the modified Cassie-
Baxter relation (Eqs. 4-3a, 4-3b) for the prediction of the apparent advancing and
receding contact angles. The assessment will be both through extensive experiments and
multiple numerical simulations. The experiments should include enquiries at two distinct
length scales: imaging the local shape of the TCL on the micron scale, as well as
measuring the apparent contact angles of macroscopic (i.e., millimeter-sized) liquid
droplets on a composite interface. Scanning electron microscopy (SEM) is an extremely
versatile technique for imaging microscopic liquid condensation 31' 32; however, the direct
imaging of the TCL of a macroscopic droplet has so far been impossible using an SEM,
because liquids like water easily vaporize at the extremely low pressures present inside
an SEM chamber. A potential alternative is to use nonvolatile organic liquids such as
dibenzyl ether or droplets of a curable polymer 33; however, imaging a non-wetting
droplet requires that the textured solid surface under investigation must be able to support
a composite interface with relatively-low surface tension organic liquids. In previous
chapters, we have discussed the ability of the re-entrant microhoodoo surfaces to support
a robust composite interface even with liquids possessing extremely low surface tensions,
such as methanol and pentane4 34, 35. In the current chapter we fabricate a range of
microhoodoo surfaces that support a robust composite interface with a curable polymer
polydimethylsiloxane (PDMS).
To inspect the details of the TCL, we deposited droplets of uncured PDMS (riv =
19.8 mN/m, OE = 680, droplet volume: 30 - 50 dtl) on a number of hoodoo surfaces that
had previously been dip-coated with low surface energy fluorodecyl POSS molecules 34, 36
to allow higher equilibrium contact angle 0E37. The PDMS drops were then thermally
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cured. The long equilibration time of the uncured PDMS droplets, resulting from their
high viscosity (jt = 5500 mPa-s), makes them unsuitable for contact angle measurements
using a contact angle goniometer. Therefore, another organic liquid, decane (7'v = 23.8
mN/m, OE = 700 on a fluoroPOSS dip-coated smooth silicon wafer) was chosen for
various contact angle measurements because it possesses a surface tension and
equilibrium contact angle that are similar to the values for the PDMS oil used in our
imaging.
4.2. Experimental Methods.
4.2.1. Substrate Fabrication and Low Surface Energy Coating Process
The same fabrication techniques used in Chapter 2 were adopted. See the experimental
methods in Chapter 2 for fabrication details. Key features of the fabricated microhoodoo
surfaces are shown in Fig. 4-4 and Table 4-1.
4.2.2. Characterization of the Fabricated Microhoodoo Surfaces
SEM imaging of PDMS droplet. Sylgard® 184 silicone elastomer kit was purchased
from Dow Corning, Inc. Mixing ratio of the PDMS and the crosslinker was 10:1. A
PDMS droplet with a typical size of 30 - 50 pl was deposited on each of the various dip-
coated microhoodoo surfaces, which were tilted by 10 - 300 to force the PDMS droplet to
advance or recede following the slanted hoodoo surface. The droplet was then thermally
cured in an oven at 85C for 30 minutes.
106
AC-
U
U
U
U
U
U
U
Bflmmmm
Em
Figure 4-4. Schematics of each hoodoo surface. Red and white colors represent the solid
and air regions respectively. (a) A stripe-textured hoodoo surface. Bottom shows a side
view of the hoodoo surface. The height (H) of the supporting pillars and the cap thickness
(t) were held fixed at 7 zm and 300 nm respectively. The thin, flat, and highly re-entrant
caps allow the roughness of the wetted region to be close to unity (ro - 1.04) (b) A
discrete hoodoo surface. (c) An inverse hoodoo surface. (d) A hoodoo surface composed
of concentric rings (The dimensions of a spiral hoodoo surface are defined in an
analogous way).
Contact angle measurement. The contact angles for various liquids were measured
using a contact angle goniometer, VCA2000 (AST Inc.). The advancing contact angle
was measured by advancing a small volume of the probing liquid (typically 2-4 ld) on to
the surface, using a syringe. The receding contact angle was measured by slowly
removing the probing liquid from a drop already on the surface. For each sample a
minimum of four different readings were recorded. Typical error in measurements was -
20"
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Table 4-1. Summary of the key dimensions of the various fabricated microhoodoo
surfaces, the apparent contact angles (0,) predicted by the classic Cassie-Baxter relation,
the apparent advancing ( vd,
Cassie-Baxter relation
receding angles. Decane
(noted
(E =
) and receding angles ( 0. ) predicted by the modified
as m-CB), and the measured apparent advancing and
700) is used as the working liquid.
2W 2D 0 adv 0rec
Sample Predicted(gm) (tm) Measured Predicted Measured Predicted
by m-CB by m-CB
// 17.6 22.4 0.44 1140 1190 1140 1100 1140Striped 1 17.6 22.4 0.44 1140 1650 1800 1070 1140
Discrete 1 20 10 0.44 1140 1640 1800 1000 960
Discrete 2 20 20 0.25 1320 1650 1800 1130 1090
Discrete 3 20 30 0.16 1420 1640 1800 1210 1180
Discrete 4 20 40 0.11 1480 1660 1800 1260 1240
Inverse 9.8 30.2 0.44 1140 1350 1310 280 340
Rings 17.6 22.4 0.44 1140 1600 1800 00 00
Spiral 17.6 22.4 0.44 1140 1210 1140 1020 1140
Due to the limited resolution (- 0.2 [m) of the micro-fabrication process, the
dimensions of
design.
the fabricated microhoodoos can be slightly different from the target
4.2.3. Numerical simulation through the Surface Evolver
................... .......
. . . . .
Figure 4-5. Two step simulation strategy using
the Surface Evolver. (a) Millimeter-sized liquid
droplet with an apparent contact angle 0". (b)
A detailed shape of the solid-liquid-air
composite interfaces in the proximity of the
TCL, with an apparent contact angle 0*. (c) An
oblique view of the composite interfaces shown
in Fig. (b)
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The shapes of the TCLs and the nearby interfaces on various hoodoo surfaces are
simulated through Finite Element Method (FEM) using Surface Evolver software 38, to
compare with the obtained shapes of the PDMS droplet.
Throughout the Surface Evolver simulation, interfaces are implemented as unions
of triangular meshes, with designated interfacial energies. From the initial shape of the
interfaces, the Surface Evolver gradually morphs the shape into the equilibrated form, to
minimize the Gibbs free energy of the system that is a summation of the interfacial
energies and the free energy from gravity or other body forces.
A simulation of a millimeter-sized liquid droplet on micron-sized textures is
either time-consuming and prone to error due a drastic scale-mismatch between the
millimeter-scale liquid-air interface of the upper droplet and the solid-liquid-air
composite interfaces in the proximity of micron-scale surface textures. Hence the
determination of the apparent advancing and receding contact angles is performed as the
following. First, the shape of the composite interfaces in the proximity of micron-scale
surface textures is solved by the Surface Evolver, with a boundary condition using
tentative apparent advancing or receding contact angles typically predicted by the
modified CB relation (Fig. 4-5b). If the Surface Evolver can find the local free energy
minimum and reach an equilibrated interfacial shapes as in Figs. 4-5b and 4-5c, it is
assumed that the apparent contact angle used for the boundary condition is not large or
small enough for the droplet to advance or recede. Instead, the droplet is locally pinned at
the given apparent contact angle. Then a progressively larger (for advancing simulation)
or smaller (for receding) apparent contact angle is tried as a new boundary condition,
until the Evolver cannot find a local equilibrium. The boundary condition at the onset of
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instability is taken as the apparent advancing or receding contact angle. The shape of the
millimeter-sized upper droplet is then calculated using these apparent advancing or
receding angles, as shown in Fig. 4-5a.
4.3. Results and Discussion
4.3.1. Stripe-Textured Hoodoos
Figure 4-6. Details of the advancing and receding TCLs for a PDMS droplet on a stripe-
textured hoodoo surface. (a) Top view of a droplet of PDMS, deposited and cured on a
stripe-textured microhoodoo surface (s = 0.44). The insets show side views of a droplet
of decane (OE = 700), viewed along the y-axis (left) and the x-axis (right). (b) The details
of the TCL as the PDMS droplet advances along the y-axis. (c) The details of the TCL as
the PDMS droplet recedes along the y-axis. (d) The details of the TCL as the PDMS
droplet advances along the x-axis. (e) The details of the TCL as the PDMS droplet
recedes along the x-axis.
A surface micro-texture that is well known to deviate from the Cassie-Baxter relation is a
stripe texture 7,39-41, which is a synthetic counterpart of a butterfly wing' 3 or a rice leaf42.
Fig. 4-6 shows an SEM micrograph of a cured PDMS droplet supported on a
microhoodoo surface possessing a stripe texture (A = 0.44; as mentioned in the
experimental methods section, the thin, flat, and highly re-entrant caps employed in this
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work allow us to simplify Eq. 4-1 by using ro z 1). Because the dimensions of the hoodoo
surface texture are much smaller than the PDMS droplet, the CB relation yields a unique
value of the apparent contact angle and the droplet is predicted to be essentially spherical.
In contrast, Fig. 4-6a shows that the PDMS droplet is significantly distorted into an
ellipse. The anisotropy is further illustrated by the different values of the apparent contact
angles measured along the x and y directions for a decane droplet (see insets of Fig. 4-6a).
The measured values of the apparent contact angles for decane advancing or receding
along the surface in the y direction (when the TCL moves along the stripes; see Figs. 4-6b
and 4-6c), are Oad,y = 1190 and Oc,y = 1100. These measurements are very close to the
predictions of the CB relation ( OE = 1140; using 01 = 700, 02 = 180', ro = 1, and 0, = 0.44
in Eq. 4-1). However, if we measure the apparent contact angles along the x direction
(which requires movement of the TCL across the stripes), we obtain apparent advancing
and receding angles of Oad,, x = 1650 and 0ecx = 1070 even though the values of ro and 0A
in Eq. 4-1 are unchanged. These values of the measured contact angle are far from those
predicted by the CB relation and cause substantially increased CAH. Such directional
hysteresis is utilized by various natural surfaces to guide the movement of the contacting
water droplets along a particular axis 3' 42
Although the classic CB relation cannot provide any explanation for this
anisotropic wettability, this phenomenon can be readily predicted by the modified CB
relation (Eqs. 4-3a and 4-3b). Figs. 4-6b and 4-6c illustrate the details of the distorted
TCL for the PDMS droplet on the stripe-textured hoodoos, as the droplet advances (Fig.
4-6b) or recedes (Fig. 4-6c) in the y direction. The local distortion of the TCL is
maximized along the y direction, because PDMS forms an equilibrium angle OE (z 680)
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on the dip-coated silicon substrate and 1800 on air. However, there is no change in the
shape of the striped texture along the y direction, the differential parameter bd remains
constant along the stripes (see Fig. 4-3b), i.e., Ad,adv = d,rec = s. This is the reason for the
close match between the measured advancing or receding contact angles along the y
direction and the apparent contact angle predicted by Eq. 4-1. The other important
observation is that both the apparent advancing and receding contact angles match the
prediction from the CB relation despite the severe distortion of the TCL. This result
clearly demonstrates that the distortion of the TCL 8' 22 per se is not the factor that leads to
significant difference between the predictions from the CB relationship and the measured
apparent contact angles. The extensive comparison between the measured and predicted
apparent advancing and receding contact angles is given in Tale 4-2.
Fig. 4-6d shows the local structure of the TCL for a PDMS droplet advancing
across the stripes in the x direction. As noted earlier, we measure a significant
discrepancy between the apparent advancing angle with decane (0d .,x = 1650) and the
prediction from the CB relation ( 0 = 1140). It is clear from the figure that the advancing
front of the TCL at the leading edge of the drop is almost straight and parallel to the
striped hoodoo texture, offering additional evidence that the deviation of the apparent
contact angles from the CB prediction is not simply a direct consequence of the distortion
of the TCL. In this case, the additional local area that is covered by an incremental
advancement of the TCL along the x direction, from the outer edge of the hoodoo to the
next hoodoo, is composed only of air. Thus, d',adv = 0 and the TCL remains energetically
pinned at the outer edge of the hoodoos until the apparent angle reaches the advancing
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apparent angle ad,x 1800 . The measured value of Oadv,x =165' is in reasonable
agreement with the prediction, given the inevitable uncertainties with the measurement of
extremely large contact angles 12
On the other hand, as the drop attempts to recede along the x direction, the TCL
becomes pinned on a given hoodoo stripe because the differential fraction qd,re = 1.
However, because ,rec = 0.44 along the y direction and the drop is anisotropic, the
interface of the liquid droplet preferentially recedes along the hoodoo stripes (i.e., y
direction). As a consequence, as more and more liquid is removed from the receding
droplet, the droplet becomes increasingly spherical, with finally only a point contact
remaining on the striped hoodoo. As more liquid is removed, the TCL can only recede by
jumping from the hoodoo stripe along the x direction, following which the droplet
becomes anisotropic once more. Hence for this case drec,x = d,rec,y = s = 0.44, and it
may be anticipated that Orec,x  9 rec,y E , as was also observed experimentally. The
difference between the local TCL movements as the liquid advances or recedes across the
hoodoos is further demonstrated using simulations based on the Surface Evolver finite
element method38 in Fig. 4-7. Clearly, the advancing TCL remains pinned at the edges of
the hoodoos, while the receding TCL can easily recede along the stripes.
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Figure 4-7. Anisotropic wettability of textured surfaces. The solid fraction of the hoodoo
surface is set to the same as the fabricated hoodoo surface (q, = 0.44). (a - d) The shape
of a TCL and nearby liquid-air interface for a droplet of decane (OE = 700), advancing on
a stripe-textured hoodoo surface. An apparent contact angle of 0* = 1500 is forced as the
boundary condition. (e - f) The shape of a TCL and nearby liquid-air interface for a
decane droplet, receding on a stripe-textured hoodoo surface. A boundary condition of 0*
= 900 is enforced.
4.3.2. Discrete and Inverse Hoodoos.
We also study apparent contact angles on discrete hoodoo surfaces which are a synthetic
analogy of natural surfaces such as lotus leaves 20 or rose petals21. Although both these
natural surfaces resist wetting by water through the formation of a composite interface,
the CAH observed on the rose petals is significantly higher than the values observed on
the lotus leaves2 1. Figs. 4-8a and 4-8b show the advancing and receding TCL for a PDMS
droplet on the fabricated hoodoo surface (0, = 0.44). For such a surface, 4d,,adv = 0 and
qd,rec = , = 0.67 (see Table 4-2; also see section 4.1.3. for derivation). Using these
values, Eq. 4-3 predicts 0 = 1800, ,e = 960 for a decane droplet on the discrete hoodoo
surface. Fig. 4-9 shows a numerical analysis using Surface Evolver3 8 , predicting
0*dv = 1800,0*c = 990. These results are in good agreement with the measured apparent
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contact angles of OdV =1640 *ec =100 . In comparison, the apparent contact angle
predicted by the classic CB relation is o; = 1140.
Figure 4-8. Details of the advancing and receding TCL for a PDMS droplet on a discrete
hoodoo surface. (a) Details of the TCL for an advancing droplet of PDMS on a discrete
hoodoo surface (0 = 0.44). The inset shows the apparent advancing angle for a droplet of
decane (0d, = 1640) on this surface. (b) The details of the TCL for a receding droplet of
PDMS on the same discrete hoodoo surface. The inset shows the apparent receding angle
for a droplet of decane (*ec = 1000).
We can also use Eq. 4-3 to understand the reason for the significantly different
hysteretic behavior of the lotus leaf as compared to the rose petal. The submicron hair-
like structures on the nubs of the lotus leaf lead to a composite interface with water with a
very low fraction of wetted solid surface, i.e., roo, _ 0 20. This low global areal solid
fraction results in an insignificant difference between 'd,adv (= 0) and 'd,rec (= J ) and
correspondingly negligible CAH. On the other hand, the composite interface formed on
the rose petal has a significantly higher value of 2 1, and this leads to a substantial
difference between 'd,adv and qd,rec and eventually a large CAH.
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Figure 4-9. (a) An FEM numerical simulation of an advancing droplet of decane (droplet
volume = 30 tl, assuming 9.8 m/s2 gravitational acceleration) on a discrete hoodoo
surface, having an apparent contact angle close to 1800. The droplet cannot advance on
the surface unless the apparent contact angle reaches the exact value of 1800; however,
the image is generated at an apparent contact angle of 1700 for a better visualization of
the droplet. (b) An FEM simulation of a receding droplet of decane on the discrete
hoodoo surface. The TCL starts to detach from the inner edges of the hoodoos at the
apparent receding contact angle of re = 99 . (c, d) Simulated details of the TCL for
advancing and receding droplets of PDMS on the discrete hoodoo surfaces.
To explore further the effect of the texture topography, we also fabricated a
surface that is the inverse of a discrete hoodoo surface (Fig. 4-10). This surface traps
discrete pockets of air, with the solid substrate forming a continuous patchwork grid. For
our inverse hoodoo surface, we fix the global areal solid fraction roqo = , = 0.44, to be
identical to the discrete hoodoo surface in Fig. 4-8. From Figs. 4-10a and 4-10c, the
global areal solid fraction for this inverse hoodoo surface is defined as
Os = 1-(2D/(2W + 2D))2 ; hence the minimum differential areal solid fraction can be
correlated to the global solid fraction as min d = 2W 1(2W + 2D) =1- 1-- s  0.25.
Similarly, the maximum differential areal solid fraction is calculated as maxK =1
(see Figs. 4-10b, d). Based on the assumption of qd, adv = min dl'j2 = 0.25, Eq. 4-3
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predicts Oadv = 1310, which matches well with the measured value of Oadv = 1350 .
However, using a value of d,rec = max d =1 yields a predicted value of r*ec = 700
which is significantly larger than the measured receding contact angle of O*ec = 280.
Interestingly, the measured values agrees much more closely with a predicted value by
the modified CB relation ( ,ec = 340 from Eq. 4-3) using qd,rec = min _dl' =0.25, 01 = 0E
= 700, and 02 = 0 (see Fig. 4-10e).
V 3~~'7
Figure 4-10. Details of the advancing and receding TCL for a PDMS droplet on an
inverse hoodoo surface. (a) The details of the TCL as the PDMS droplet advances on the
inverse hoodoo surface (0s = 0.44). The inset shows the apparent advancing angle for a
droplet of decane (0 dv = 1350). (b) The details of the TCL as the PDMS droplet recedes
on the same surface. The inset shows the apparent receding angle for a droplet of decane
(9Or, = 280). (c-e) Simplified schematics of a TCL which is advancing or receding on an
inverse hoodoo surface. (c) A TCL advancing across air pockets. (d) A TCL advancing or
receding across a homogeneous solid region. (e) A TCL receding from the air pockets
that has thin liquid films resulting from the local pinning phenomenon.
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This is because the lack of connectivity between the air pockets on the inverse
hoodoo surface. A liquid droplet sitting on a discrete hoodoo surface has a single
continuous liquid-air interface throughout the entire droplet, because the air regions
between the hoodoos are mutually interconnected. However for a liquid droplet on an
inverse hoodoo surface, the liquid droplet has additional liquid-air interfaces for each of
the air pockets under the liquid droplet (Fig. 4-11 la). When the liquid droplet tries to
recede, the TCL of the upper interface becomes pinned at the edges of the hoodoos (Fig.
4-1 lb). For a droplet on a discrete hoodoo surface, the effect from this local pinning is
insignificant because this pinning is easily destabilized from the corner of the hoodoos. In
contrast, the air pockets on the inverse hoodoo surface are isolated from each other;
hence the locally pinned TCL cannot recede further from the edges of the hoodoos.
Instead, the TCL of the upper liquid-air interface starts to translate downward (Fig. 4-
1 lb, green arrow), maintaining the local equilibrium contact angle OE. Unfortunately, for
liquids with the equilibrium angles OE < 900, the upper interface and lower interface can
never come across each other until the upper interface forms 00 on the air pockets (Fig. 4-
11 c). As a result, the contact angle 02 in the Cassie-Baxter equation should be defined as
0' for a receding TCL on inverse hoodoos or similar textures having isolated air regions.
Hence cosO1 < cosO2 for the receding TCL on the inverse hoodoo surface, the apparent
contact angle in Eq. 4-2 becomes maximized when the ratio roq /(1- d) reaches its
maximum, thus Eq. 4-3 should use a value of q drec = min d _- After the macroscopic
receding, residual liquid thin films on the air pockets eventually disappear by
evaporation.
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Figure 4-11. Cross-sectional
schematic drawings of a liquid
droplet, receding on an inverse
hoodoo surface. (a) The shape of the
IB liquid-air interfaces before the TCL
starts to recede. (b) The shape of the
liquid-air interfaces when the TCL is
trying to recede over the air pockets.
(c) The shape of the liquid-air
interfaces after the TCL receded from
the air pockets.
C TCL
4.3.3. The Control of Hysteresis
It is clear from the comparison between the apparent contact angles obtained for striped,
discrete, and inverse hoodoo surfaces, that the global fraction , does not directly control
the value of contact angle hysteresis (CAH) or the 'stickiness' 21' 27 of drops (i.e.,
AO* f(s)). Instead, the CAH is a function of topography and connectivity8 of the
surface micro-texture. Hence the incorporation of the local differential parameter Od,
which captures how nature of the local texture varies as the contact line is advanced or
retracted, is crucial for the determination of apparent contact angles or CAH. Motivated
by this more explicit understanding, we also fabricated model hoodoo geometries that can
enhance or suppress stickiness by promoting or suppressing CAH. Figs. 4-12a and 4-12b
show two such model geometries - concentric rings and an Archimedean spiral with a
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winding number of one. For both of these surfaces, the size of the decane drop is
significantly greater than the details of the surface texture (the diameter of the TCL (- 1
mm) >> hoodoo pitch (=40 tpm)), so the CB relation predicts a single value of the
apparent contact angle (OE = 114) based on the global fraction , = 0.44. However, for
the surface composed of a series of concentric rings (Figs. 4-12a, c), 0d,adv = 0, 0 2,ad, =
1800, and Ad,re = 0, 02,rec = 00 (as was the case for the inverse hoodoo grid pattern). This
maximal deviation between the advancing and receding TCL structure will promote an
extremely large CAH. Based on Eq. 4-3, we obtain 0,dv = 1800 and ,c = 00 for a droplet
of decane on the concentric ring-shaped hoodoo surface. These values match well with
the measured values of dv = 1600 and 0,ec = 00 (see insets of Fig. 4-12a).
On the other hand for the spiral surface, as a differential volume SV is added to or
removed from the drop, the TCL incrementally advances and recedes by moving along
the spiral strip of the solid substrate, covering or exposing the solid and air regions by a
constant ratio. Thus we expect qd,adv = Od,rec = 0s (Figs. 4-12b, d; also see Appendix A of
this chapter for further details), and a continuously connected re-entrant surface geometry
such as the spiral hoodoo shown in Fig. 4-12b should lead to significantly lower CAH.
Indeed, the measured apparent advancing and receding contact angles with decane (0adv
= 1210, O*, = 1020, see insets of Fig. 4-12b) confirm our expectation. This observed low
CAH cannot be predicted by using a linear fraction or a local solid fraction, because these
values are essentially indeterminate for the spiral hoodoo texture. This observation again
highlights the wide applicability of the differential parameter qd or the differential areal
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solid fraction rogd in computing accurate values of the apparent contact angles based on
the modified CB relation (Eq. 4-3).
Figure 4-12. Details of the advancing and receding TCL for PDMS droplets on a ring-
shaped hoodoo surface and a spiral hoodoo surface. (a) Top view of a fabricated
concentric ring-shaped hoodoo surface (0b = 0.44). The insets show the apparent
advancing and receding angles for a droplet of decane (08d, = 1600, 0 0 ). (b) Top
view of a fabricated Archimedean spiral hoodoo surface (winding number = 1, , = 0.44).
The insets show the apparent advancing and receding angles for a droplet of decane (Oad
= 1210, r e = 1020). (c) The details of the TCL for a droplet of PDMS (see inset) on a
ring-shaped hoodoo surface. (d) The details of the TCL for a droplet of PDMS (see inset)
on a spiral hoodoo surface.
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Table 4-2. The relation between the differential parameter, bd,
0, for various micro-hoodoo surfaces developed in this work.
and the global parameter,
Hoodoo surface Analogous natural
surface
Stripe-textured,
along the stripes Butterfly wings, rice
Stripe-textured, leaves
across the stripes s
Discrete hoodoos Lotus leaves, rose petals 0
Inverse hoodoo(*) 1- -0 1- i-
Concentric ring-shaped
hoodoos(*) 0 0
Spiral hoodoo 0
(*) As explained previously, for a receding TCL on the inverse hoodoo
ring-shaped hoodoo surface, the value 02 in Eq. 4-3(b) becomes equal to
1800.
surface or the
00, rather than
4.3.4. The Validity of the Original and the Modified Cassie-Baxter relations
Fig. 4-13a illustrates the measured values of the apparent advancing and receding contact
angles as a function of the global areal fraction s for the various microhoodoo surfaces
fabricated in this work. The predictions from the unmodified CB relation (Eq. 4-1) are
also shown. On a very coarse level, the CB relationship does describe the general trend in
terms of the variation of apparent contact angle with increasing areal fraction. However
the relationship provides no information on the CAH; which depends intimately on the
details of the surface texture. For certain textures (e.g., stripe-textured or spiral hoodoo
surfaces) the CAH is small and the CB relationship is a reasonable predictor of the
observed apparent contact angles for a composite interface. However, in general, the
discrepancy between the CB relationship and the data is significant and a more
sophisticated measure of the wetted surface fraction is needed. In comparison, Fig. 4-13b
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shows the same apparent contact angle data plotted as a function of the differential areal
fraction qd. The predictions from the modified CB relation (Eq. 4-3) are also shown.
Clearly, by considering the differential areal fraction of the solid surface in the vicinity of
the TCL as it advances or recedes, Eq. 4-3 makes it possible to predict the apparent
advancing and receding contact angles on the wide range of model surface textures
considered in this work. Table 4-2 summarizes the connection between qa and 0, for the
various microhoodoo surfaces developed in this work.
As mentioned earlier, the CB relation is unable to predict roll-off angles for a
given contacting liquid on a textured substrate because the roll-off angle is strongly
affected by the contact angle hysteresis. The roll-off angle C is determined by a force
balance between the gravitational body force acting on the drop and the resistance from
the CAH along the perimeter ' 8. Furmidge 43 developed a relation to compute the roll-off
angle o on any surface, which can be written as:
YIvDTL (cosad 
- cos ec
sin w = (4-4)
pgV
where p and yv, are the density and surface tension of the liquid respectively, g is the
acceleration due to gravity, V is the volume of the droplet, and DTCL is the width of the
TCL measured perpendicular to the sliding direction. Clearly it is necessary to be able to
accurately determine Odv and 0, c in order to predict the roll-off angle. Further, once we
determine 0ad* and 0c,, values, we can approximate DTCL of a rolling droplet by
assuming the droplet has an average apparent contact angle O* between the advancing
and receding contact angles (cos 0* = (cos 0,av + cos 0*ec) / 2 ):
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, ( cos3  cos( - / 2) (4-4a)D71 4;(2-3cos0* +cos 3 0 )
Combining Eq. 4-4 with the modified CB relation (Eq. 4-3) for the apparent
advancing and receding contact angles, we can predict the roll-off angle on a textured
surface as:
-y,vD'L ((rdrec d,adv) cos 0 + ( - Od,adv) cos 02)
sin co -g (4-5)
pgV
Fig. 4-13c shows the measured roll-off angles of water (y, = 72.1 mN/m, OE = 1200) and
dodecane (y;v = 25.3 mN/m, OE = 730) on the discrete and inverse microhoodoo surfaces,
plotted against the prediction using Eq. 4-5. The graph illustrates the strong correlation
between the measured and predicted values, and this agreement demonstrates the utility
of the modified CB relation in designing surfaces with small or large roll-off angles.
As first pointed out by Johnson and Dettre2, a liquid droplet sitting on a composite
interface reaches the true minimum in free energy when the apparent contact angle
becomes equal to the value of 0 .. All other observed apparent contact angles, including
the apparent advancing (0dv ) and receding (0r, ) contact angles, are metastable and
correspond to higher free energy states2' 44. The reason the equilibrium angle 0. is rarely
observed is because of the significant activation energy required to overcome the local
energy barrier between each of the numerous metastable states in the energy landscape.
Because of the robust nature of our composite solid-liquid-air interfaces, it is possible
through careful external excitation to provide sufficient energy input to the system to
allow the liquid droplet to overcome the energy barriers required to traverse multiple
metastable states without completely destroying the composite interface. In Fig. 4-13d we
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show a droplet of decane (V - 50 .l) on a stripe-textured hoodoo surface where the
droplet adopts an extremely anisotropic configuration. The insets in Fig. 4-13d show the
shape of the decane droplet as viewed along the x and y directions with contact angles
close to its advancing angles (9dv,x = 1650 and Oadv,y = 1190). The hoodoo substrate,
along with the droplet of decane, was then placed on a vibrating stage for a period of two
minutes. The applied displacement profile was sinusoidal (frequency: 20 Hz, amplitude:
40 tm; maximum acceleration: 0.63 m/s 2). The volume of the droplet remains constant
throughout the experiment, due to the low volatility of decane (vapor pressure: 187 Pa at
25 0C). Fig. 4-13e shows the shape of the decane droplet after the vibration process. It is
clear that the droplet shape has become significantly more isotropic. The insets in Fig. 4-
13e show the shape of the droplet as viewed along the x and y directions. The measured
apparent contact angles 0x = 1210 and 9 = 1120 now match more closely with the
prediction for the apparent equilibrium contact angle 90 = 1140, obtained from the
classic CB relation.
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Figure 4-13. (a) The measured apparent advancing and receding contact angles for
decane droplets on the various hoodoo surfaces developed in this work, as a function of
the global parameter 0. The apparent contact angle predictions from the classic CB
relation (Eq. 4-1) are also plotted as the continuous blue line. (b) Same apparent contact
angles, plotted against the differential parameter da. The predictions from the modified
CB relation (Eq. 4-3) are also plotted as the continuous blue line. For both Figs. 4-13a
and b, the apparent receding contact angles on the inverse and ring-shaped hoodoos are
not included as the 02 values for these cases are different (02 = 00) than the 02 values for
all the other cases considered here. (c) Measured roll-off angles on discrete (filled) and
inverse (hollow) hoodoo surfaces, plotted against the predicted values from Eq. 4-5. (d)
Top view of a droplet of decane, deposited on a stripe-textured hoodoo surface. Insets
show side views of the droplet, viewed along the y-axis (left) and the x-axis (right). (e)
Top view of the same droplet of decane after vibration. Insets show the side views of the
droplet, viewed along the y-axis (left, 0x = 1210) and the x-axis (right, 0 = 1120).
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4.4. Conclusion
In Chapter 4, I have provided a unifying framework to reconcile the multiple opinions in
the literature regarding the validity, as well as the utility, of the CB relationship in
estimating the apparent contact angles for a drop forming a solid-liquid-air composite
interface on a textured surface. We have shown that the CB relation may be used to
accurately predict the equilibrium contact angles for the multiple surfaces considered in
this work. In addition, by developing multiple robust omniphobic microhoodoo surfaces,
we successfully imaged the local details of the TCL on a wide range of model surface
topographies. Our experimental inquiry at two length scales: imaging the local distortion
of the TCL at the micron scale, as well as the measurement of the apparent contact angles
at the macroscopic scale, clearly illustrates that the distortion of the TCL per se is not the
key factor that leads to differences between the CB prediction and the measured values of
the apparent advancing or receding contact angles. Instead, we show that the differential
areal fraction of solid substrate which the TCL encounters as it is displaced across the
surface is the most important factor in determining the experimentally observed apparent
advancing and receding contact angles. This additional knowledge is embodied in the
local differential parameter qd. Using this insight, a modified CB relation is proposed that
more accurately predicts the apparent advancing and receding contact angles based on the
details of the local surface texture in the proximity of the TCL. The validity of the
modified CB model is demonstrated in Fig. 6b which shows the close agreement between
the prediction by the modified CB model and the measured contact angles including
metastable anisotropy of contact angles for anisotropic topographies. This local texture
parameter Ad can also be used to predict the roll-off angle co for a given contacting liquid
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on a textured surface. This understanding allows us to design model 'sticky' or 'non-
sticky' surfaces that can significantly enhance or suppress CAH and correspondingly
increase or decrease the measured roll-off angles.
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Appendix A. The Linear and the Differential Areal Fraction
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Figure 4-14. (a) The hypothetical TCL, simplified as a straight line, on a stripe-textured
hoodoo surface. The linear fractions of the solid (red) and air (white) which are
underneath the TCL are calculated to be 2W/(2W+2D) and 2D/(2W+2D)
respectively. (b) A more realistic drawing of a TCL, distorted by the heterogeneous
wettability of the solid and air regions. The differential areal fractions of the solid (green,
2 W x e) and air (gray, 2D x e) regions, which are traversed by the advancing or receding
TCL, over the total differential area are also given as 2W/(2W+2D) and
2D/(2W + 2D) respectively. (c) An SEM image of a TCL (black line) on a spiral hoodoo
surface. (d) A prediction about a TCL translation on the spiral hoodoo surface. The
differential areal fractions of the solid (red) and air (blue) regions over the total
differential area are 2W/(2W + 2D) and 2D/(2W + 2D) respectively.
Fig. 4-14 shows a comparison between the linear solid fraction roine (= (ine) and the
differential areal solid fraction rad (= ~4) for a flat-topped (ro - 1) surface texture.
Although the linear solid fraction (kine is based on the over-simplified assumption of a
straight TCL9' 24, 25, the parameter (kine can give accurate contact angle predictions for
several surface textures such as stripe-textured hoodoos or discrete hoodoos. Consider a
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TCL that advances or recedes on a stripe-textured hoodoo surface as shown in Figs. 4-
14a and 4-14b. As demonstrated in section 4.1.3., the differential areal fractions of the
solid and air in Fig. 4-14b turn out to be equal to the linear fractions of the solid
(= 2W/(2W + 2D)) and air regions (= 2D/(2W + 2D)) shown in Fig. 4-14a. Similarly, it
can be readily demonstrated that the differential parameters d, adv and d,rec for a discrete
hoodoo surface turn out to be equal to the linear fractions proposed previously . This is
why utilizing the linear solid fraction wine in a modified Cassie-Baxter relationship can
give accurate predictions of the apparent contact angle for these surface textures.
However, the differential areal fraction and the linear fraction agree with each
other only for a limited number of geometries. For example, consider a TCL translating
on a spiral hoodoo surface shown in Fig. 4-14c. Here the TCL lies mostly on the
boundary between the solid and air regions, hence the linear solid fraction is
indeterminate for a spiral hoodoo surface.
On the other hand, the application of the differential parameter qd can readily
resolve this discrepancy. As shown in Fig. 4-14d, the actual process of advancement or
recession of the TCL does not happen uniformly around the spiral hoodoo. Instead,
translation of the TCL occurs only at the distorted outer edge of the TCL (marked with
'*' in Fig. 4-14d). Because the TCL translation is along the wetted spiral stripe, the
differential areal fractions of the solid (shaded red, 2 W x C) and air (shaded blue, 2D x )
regions over the total differential area are readily calculated to be d = 2W/(2W + 2D) =
qs and (1- O) = 2D/(2W + 2D) = (1- s) , respectively. Calculating an apparent contact
angle using these values agrees closely with the measured advancing and receding angles.
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Hence the differential areal solid fraction rood or the differential parameter 5d has a wider
applicability for the prediction of the apparent advancing and receding contact angles.
131
References for Chapter 4
1. Cassie, A.B.D. & Baxter, S. Wettability of porous surfaces. Transactions of
Faraday Society 40, 546-551 (1944).
2. Johnson, R.E. & Dettre, R.H. Contact angle hysteresis. In Contact Angle,
Wettability and Adhesion, ACS Advances in Chemistry Series., Vol. 43.
(American Chemical Society, Washington, DC. ; 1964).
3. Marmur, A. Wetting on hydrophobic rough surfaces: To be heterogeneous or not
to be? Langmuir 19, 8343-8348 (2003).
4. Tuteja, A., Choi, W., Mabry, J.M., McKinley, G.H. & Cohen, R.E. Robust
omniphobic surfaces. Proc Nat Acad Sci 105, 18200-18205 (2008).
5. Gao, L.C. & McCarthy, T.J. How Wenzel and Cassie were wrong. Langmuir 23,
3762-3765 (2007).
6. McHale, G. Cassie and Wenzel: Were they really so wrong? Langmuir 23, 8200-
8205 (2007).
7. Drelich, J., Miller, J.D., Kumar, A. & Whitesides, G.M. Wetting characteristics of
liquid-drops at heterogeneous surfaces. Colloids and Surfaces a-Physicochemical
and Engineering Aspects 93, 1-13 (1994).
8. Chen, W. et al. Ultrahydrophobic and ultralyophobic surfaces: some comments
and examples. Langmuir 15, 3395-3399 (1999).
9. Extrand, C.W. Model for contact angles and hysteresis on rough and ultraphobic
surfaces. Langmuir 18, 7991-7999 (2002).
10. Extrand, C.W. Contact angles and hysteresis on surfaces with chemically
heterogeneous islands. Langmuir 19, 3793-3796 (2003).
11. Patankar, N.A. On the modeling of hydrophobic contact angles on rough surfaces.
Langmuir 19, 1249-1253 (2003).
12. Dorrer, C. & Ruhe, J. Advancing and receding motion of droplets on
ultrahydrophobic post surfaces. Langmuir 22, 7652-7657 (2006).
13. Zheng, Y.M., Gao, X.F. & Jiang, L. Directional adhesion of superhydrophobic
butterfly wings. Soft Matter 3, 178-182 (2007).
14. Anantharaju, N., Panchagnula, M.V., Vedantam, S., Neti, S. & Tatic-Lucic, S.
Effect of three-phase contact line topology on dynamic contact angles on
heterogeneous surfaces. Langmuir 23, 11673-11676 (2007).
15. Panchagnula, M.V. & Vedantam, S. Comment on how Wenzel and Cassie were
wrong by Gao and McCarthy. Langmuir 23, 13242-13242 (2007).
16. Nosonovsky, M. On the range of applicability of the Wenzel and Cassie
equations. Langmuir 23, 9919-9920 (2007).
17. Gao, L.C., Fadeev, A.Y. & McCarthy, T.J. Superhydrophobicity and contact-line
issues. MRS bulletin 33, 747-751 (2008).
18. Quere, D. Non-sticking drops. Rep. Prog. Phys. 68, 2495-2532 (2005).
19. Dussan, E.B. & Chow, R.T.P. On the ability of drops or bubbles to stick to non-
horizontal surfaces of solids. Journal of Fluid Mechanics 137, 1-29 (1983).
20. Barthlott, W. & Neinhuis, C. Purity of the sacred lotus, or escape from
contamination in biological surfaces. Planta 202, 1-8 (1997).
132
21. Feng, L. et al. Petal effect: A superhydrophobic state with high adhesive force.
Langmuir 24, 4114-4119 (2008).
22. Gao, L.C. & McCarthy, T.J. Reply to "Comment on how Wenzel and Cassie were
wrong by Gao and McCarthy". Langmuir 23, 13243-13243 (2007).
23. Swain, P.S. & Lipowsky, R. Contact angles on heterogeneous surfaces: A new
look at Cassie's and Wenzel's laws. Langmuir 14, 6772-6780 (1998).
24. Pease, D.C. The significance of the contact angle in relation to the solid surface.
Journal ofphysical chemistry 49, 107 (1945).
25. Hey, M.J. & Kingston, J.G. The apparent contact angle for a nearly spherical drop
on a heterogeneous surface. Chemical Physics Letters 447, 44-48 (2007).
26. Li, Y. et al. Two-dimensional hierarchical porous silica film and its tunable
superhydrophobicity. Nanotechnology 17, 238-243 (2006).
27. Quer6, D. Rough ideas on wetting. Physica A-Statistical Mechanics and Its
Applications 313, 32-46 (2002).
28. Marmur, A. & Krasovitski, B. Line tension on curved surfaces: Liquid drops on
solid micro- and nanospheres. Langmuir 18, 8919-8923 (2002).
29. Marmur, A. Line tension and the intrinsic contact angle in solid-liquid-fluid
systems. Journal of Colloid and Interface Science 186, 462-466 (1997).
30. Drelich, J. The significance and magnitude of the line tension in three-phase
(solid-liquid-fluid) systems. Colloids and Surfaces a-Physicochemical and
Engineering Aspects 116, 43-54 (1996).
31. Lau, K.K.S. et al. Superhydrophobic carbon nanotube forests. Nano Letters 3,
1701-1705 (2003).
32. Nosonovsky, M. & Bhushan, B. Patterned nonadhesive surfaces:
superhydrophobicity and wetting regime transitions. Langmuir 24, 1525-1533
(2008).
33. Ahuja, A. et al. Nanonails: A simple geometrical approach to electrically tunable
superlyophobic surfaces. Langmuir 24, 9-14 (2008).
34. Tuteja, A. et al. Designing superoleophobic surfaces. Science 318, 1618-1622
(2007).
35. Tuteja, A., Choi, W., McKinley, G.H., Cohen, R.E. & Rubner, M.F. Design
parameters for superhydrophobicity and superoleophobicity. MRS bulletin 33,
752-758 (2008).
36. Mabry, J.M., Vij, A., Iacono, S.T. & Viers, B.D. Fluorinated Polyhedral
Oligomeric Silsesquioxanes (F-POSS). Ange. Chem. Int. Ed. 47, 4137-4140
(2008).
37. Zisman, W.A. Relation of the equilibrium contact angle to liquid and solid
construction. In Contact Angle, Wettability and Adhesion, ACS Advances in
Chemistry Series., Vol. 43. (American Chemical Society, Washington, DC.;
1964).
38. Brakke, K.A. The surface evolver and the stability of liquid surfaces.
Philosophical Transactions of the Royal Society of London Series A-
Mathematical Physical and Engineering Sciences 354, 2143-2157 (1996).
39. Yoshimitsu, Z., Nakajima, A., Watanabe, T. & Hashimoto, K. Effects of surface
structure on the hydrophobicity and sliding behavior of water droplets. Langmuir
18, 5818-5822 (2002).
133
40. Zhao, Y., Lu, Q.H., Li, M. & Li, X. Anisotropic wetting characteristics on
submicrometer-scale periodic grooved surface. Langmuir 23, 6212-6217 (2007).
41. Chen, Y., He, B., Lee, J.H. & Patankar, N.A. Anisotropy in the wetting of rough
surfaces. Journal of Colloid and Interface Science 281, 458-464 (2005).
42. Feng, L. et al. Super-hydrophobic surfaces: From natural to artificial. Adv. Mater.
14, 1857-1860 (2002).
43. Furmidge, C.G.L. Studies at phase interfaces. I. The sliding of liquid drops on
solid surfaces and a theory for spray retention. Journal of Colloid Science 17, 309
(1962).
44. Marmur, A. Contact-angle hysteresis on heterogeneous smooth surfaces. Journal
of Colloid and Interface Science 168, 40-46 (1994).
134
CHAPTER 5
ENGINEERING DRAG-REDUCING
COMPOSITE INTERFACES
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5.1. Introduction and Theory
5.1.1. The Slip Phenomenon and the Correlation to the Drag Reduction
For a liquid flow near a solid surface, the flow pattern is disrupted by the interaction
between the liquid and the solid, leading to a three dimensional velocity profile of the
liquid V = V(x,y,z). In case of a liquid flow contacting a liquid-wetting smooth solid
surface, the liquid-solid interaction becomes so strong that the velocities of the liquid and
the solid are equal at the solid-liquid interface (see Fig. 5-la), which is known as the no-
slip boundary condition ', 2. Assuming the velocity of the solid is zero, this no-slip
boundary condition results in the profile of the liquid velocity varying from zero (V,ait =
W-,o = 0; see Fig. 5-la) up to the velocity of the bulk liquid (Vnf at z - o00). This
velocity gradient creates the shear rate f and corresponding shear stress r = ~p (Up:
viscosity of the liquid). Consequently a viscous drag occurs.
Although the mentioned no-slip boundary condition is widely accepted for liquid-
wetting surfaces, there are many studies reporting a non-zero wall velocity, i.e., Vwai =
VZo 0 (see Fig. 5-1b)1-12 on non-wetting surfaces. In this case, the wall velocity is
proportional to the applied shear rate; hence another parameter named as slip-length
(denoted as blit in this thesis) is widely used to quantify the ability of the surface to
create a non-zero wall velocity. It is defined as the ratio of liquid velocity to the applied
shear rate, both measured at the wall:
b = "a (5-1)
"lip (V / z) z=0
This liquid-slip phenomenon is known to reduce the viscous drag or the skin
friction between the liquid and the solid surfacelo, as the difference between JVf(= _".)
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and Vwail (= V0-.o) decreases. Exact analytical correlations between the slip-length and the
amount of drag-reduction can be obtained for several types of idealized flows. One such
example is given in Fig. 5-1c, which shows a laminar Couette flow between two plates
one of which is a non-wetting surface possessing a slip-length blip. When the plate size is
much larger than the gap (h in Fig. 5-1c) between the plates, the velocity profile V(x,y,z)
of a Couette flow can be assumed to be a function of only one variable z, i.e., V = V(z).
The skin friction F due to the viscous dissipation is then calculated by integrating the
viscous stress r = z(z) over the entire area of the top plate (z = h; same result can be
obtained at the bottom plate):
av
F = rz=hdA, r(z)= pf = p (5-2)
where p and represent the viscosity of the liquid and the shear rate respectively. The
linear velocity profile for the Couette flow ( = Vpte, (h + b.,p)) allows us to simply Eq.
5-2 as below:
plate (5-3)
h + b,,p
This means, the ratio of the skin friction on a slipping solid surface compared to the
friction on a no-slip surface is given as:
lip slip _Vplate 
PVpiate h
t e x = - (5-4a)
Fno-s-th bno-slip  ip + b h h + bslip
And the reduction of skin friction is:
F h b
Reduction of skin friction = I 1-- - -- p (5-4b)
o-slip + b, h + b,ip
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Figure 5-1. Liquid-slip phenomenon on a composite interface. (a) A schematic showing
a liquid flow on solid surface, possessing a conventional no-slip boundary condition. (b)
A liquid flow on a super liquid-repellent surface, possessing a slip-length blip. (c) A
Couette flow between a super liquid-repellent bottom surface with a slip-length bsip and a
conventional flat solid top surface possessing a no-slip boundary condition.
This liquid-slip phenomenon occurs both by surface chemistry (e.g. water on a
hydrophobic smooth surface) and by surface texture. In this thesis, major focus will be on
the liquid-slip phenomenon on a textured surface forming a composite interface. Liquid-
slip phenomenon on a smooth non-wetting surface also attracted efforts from many
groups as well, and its origin is suggested by many studies such as depleted liquid layer
or nano-scale bubbles" 9. However, because, if any, the slip-lengths for the flow over
smooth surfaces are typically small, blip < 100 nm1, its effect on the drag-reduction is
significant only for liquid flows in extremely narrow geometries such as nano or micro-
channels.
5.1.2. Liquid-Slip Phenomenon on a Textured Surface
As shown in Chapter 4, the formation of a composite interface between a liquid droplet
and a textured surface typically reduces contact angle hysteresis and correspondingly the
roll-off angle of the droplet on a given surface13' 14. This super liquid-repellency is
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attained due to the numerous air pockets entrapped beneath the liquid droplet, and
multiple researchers have attempted to utilize this layer of air to develop surfaces on
which a liquid can considerably slip, leading to much lower skin friction l ' 4, 10, 11, 15, 16. Fig.
5-2 shows one such attempt made by Ou and Rothstein1 0' 17; although the conventional
no-slip boundary condition1 still applies for the solid-liquid contact area, the free surface
allows the liquid (water in this case) to slide on the entrapped air with practically zero
friction. As a result, a roughly parabolic profile of wall velocity (Vwai Va,,max (w - X)X ;
see Fig. 5-2a) is observed on liquid-air interfaces between the surface textures (see Fig. 5-
2b), and the effect of this non-zero wall velocity can be converted into an equivalent slip-
length. The effect of the calculated slip-length can be significant; Ou and Rothstein
reported a pressure drop reduction up to 40 % in their microchannel, which corresponds
to the slip-length of 20 jtm. This non-zero wall velocity on composite interfaces has been
repeatedly observed by many other studies, most of which used microchannels or
rheometer for the measurement3 ' 4, 10, I1. The reason for the extensive usage of microscale
measurement set-ups is because typical slip-length values from the developed composite
interfaces are on the micron range; the effect of this micron-range slip-length becomes
apparent only when the scale of the liquid flow is on the comparable order (see Eq. 5-4).
This necessitates the scale of the liquid flow to be at the same micron-scale order for the
drag-reduction to be significant.
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Figure 5-2. An apparent liquid-slip phenomenon on textured surfaces. (a) A composite
interface between water and a stripe-textured surface. The shape of the texture is uniform
along the y axis. (b) A velocity profile of water in a microchannel, whose top surface is
textured as shown in (a). The images are from the work of Ou and Rothstein 7.
5.1.3. The Slip-Length versus the Robustness of the Composite Interface
Exact analytical prediction of the slip-length for general surfaces is impractical because
of the complexity of the three-dimensional velocity field (see Fig. 5-2b); however, Ybert
et al15 have derived a scaling law representing the slip-length as a function of surface
texture topography, and validated their results with extensive numerical simulations.
Later, Lee et al observed the close agreement between the Ybert model and their
experimental measurements". The scaling law is derived through a highly simplified
stress versus strain-rate relationship, leading to a result:
2L 4(W + D)2
bslp,discrete a = a W (5-5)
bgv 2L -4(W+ D) l [
bslip,groove -L0lgCo -4(W + D) log Cos ( ID (I (5-6)
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where the subscripts discrete and groove represent the type of surface texture (discrete:
discrete pillar texture, groove: striped texture), L is the typical texture pitch (L = 2(W+D);
feature width = 2W, inter-feature spacing = 2D), and qs is the fraction of the projected
wet solid area ((W/(W+D))2 for discrete texture, W/(W+D) for striped texture; see Fig. 4-4
for the texture details). a is a numerical correction factor ranging between 0.3 and 0.5,
arising from the detailed topography of the texture.
In both Eqs. 5-5 and 5-6, it is obvious the slip-length rapidly increases with
decreasing , values. This result is physically intuitive, since the fraction of the area
possessing the no-slip boundary condition becomes smaller (slip-length diverging to
infinity with 0s = 0 condition is a mathematical artifact, due to the assumption of zero
viscosity of air). On the other hand, given a fixed fraction of the wet solid area, the slip-
length can still widely vary depending on the texture scale L. The physical interpretation
of this dependence on L is as follows: Since the wall velocity between the surface
textures has a roughly parabolic profile (see Fig. 5-2b), the maximum wall velocity is
limited by the feature spacing. This is the biggest difference between the static liquid-
repellency (9*) and the dynamic liquid-slip (b~sip) behavior of a composite interface: For
example, the Cassie-Baxter relation for a composite interface formed on flat-topped
discrete pillars (Eq. 1-3) is a function of equilibrium contact angles (OE) and the surface
texture topography (0s). On the other hand, the Ybert relation for the same composite
interface (Eq. 5-5) is a function of the surface texture topography (0s) and scale (L). This
reveals that, although there have been studies to represent the drag-reducing ability (bslip)
of the composite interface as a function of its static liquid-repellency (0*)2, these two
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liquid-repellency relations are only weakly correlated, and do not possess an exact
functional dependence on each other.
Further comparison between the Cassie-Baxter model (Eq. 1-3) and the Ybert
model (Eq. 5-5) suggests the reason why studies on the drag-reducing composite
interfaces could begin only recently, when the research on the static liquid-repellency
started in the early twentieth century. The static liquid-repellency 0* = 0*(OE, Qs) is not
dependent on the feature sizes, which lead to a great degree of freedom for the fabrication
technologies. On the other hand, the dynamic liquid-slip bs,l, = bsl,p(L, 0,) is negatively
coupled with the robustness of the composite interface itself. Two non-dimensional
parameters govern the robustness of a composite interface, whose mathematical formulae
for discrete textures (Eq. 3-12; detailed discussion on the robustness of a composite
interface is given in Chapter 3 of this thesis) are repeated below for convenience:
2cap (R(1- cosOi.)+ H) 
_ cap Sin(l. -Vmin
discrete discrete(5-7)
here OE is the equilibrium contact angle, fcap = 1 v / pg is the capillary length of the
liquid, p is the liquid density, and g is the acceleration due to gravity. R and 2D are the
feature radius and inter-spacing, and the spacing ratio D* is the defined as
D = ((W + D)/W) 2 - 1/ , where 2W is the width of the feature. H was developed to
represent the height of the hoodoos in Chapter 3; thus, it should be noted that for textures
such as cylinders or spherical beads, whose height (2R) and width (2W) are the same, H
becomes equal to zero. Eq. 5-7 clearly shows that both the robustness height H* and
robustness angle T* developed in Chapter 3 rapidly decrease when an attempt to increase
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the slip-length is made either by decreasing the wet solid fraction q, (- 1/D*) or by
increasing the feature inter-spacing 2D. For cylindrical or spherical textures, these two
parameters can be combined into a unified robustness factor A* whose form (Eq. 3-20) is
repeated below:
A* _ Preakthrough . R (1- cos) 1 (5-8)
Pf R(1- cosO ) R sin2 0, 1 sin2 OE
H* T" H* (1-cosE)T*
Eqs. 5-7 and 5-8 suggest that the slip-length bsip = b~sip(L, qs) of a given composite
interface is inherently coupled with the robustness (H*(D, A, R, H), T*(D, 0,)) of the
interface itself. Especially, the slip-length bsip and the robustness angle T have a
functional adverse correlation with each other, which cannot be eliminated. Consequently,
drag-reducing surfaces reported to date had to select only one of the two design goals: the
large slip-length or the high robustness. This is the reason why there is no report of
commercialized drag-reducing surfaces despite numerous lab-scale demonstrations.
5.1.4. Surfaces with Dual-Scale Textures
Eliminating the inherent adverse coupling between the slip-length and the robustness of a
composite interface is unlikely4. However, it is possible to circumvent this limitation, if
the composite interface can regenerate itself after the transient pressure perturbation
disappears. This goal can potentially be attained through the incorporation of dual-scale
texture. Fig. 5-3 shows the schematic drawing of a dual-scale textured surface. The
surface is textured with micron-sized pores, whose inner walls are further textured with
nano-sized pores. If this dual-scale textured surface is coated with low surface energy
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molecules, the inner-walls of the micropores can possess super liquid-repellency (iner >
1500). Thus, when the pressure perturbation is relatively low, the composite interface
does not penetrate into the micron-sized pores because the inner-walls resist the wetting
(O,,ner > Vymin; see Fig. 2-8). The composite interface then can create giant slip-lengths
(Fig. 5-3a; also see Eqs. 5-5, 5-6) because of the low wet solid fraction 0, and the large
feature spacing L.
Figure 5-3. Schematics of a drag-reducing mechanism using dual-scale surface textures.
(a) A normal operating condition, where an extremely large slip-length is ensured by the
low fraction of the wet solid and micron-scale textures. The composite interface can
withstand small pressure perturbations in case the geometric angle (Vlmin) is smaller than
the apparent contact angle o*ner of the liquid on the composite interface formed between
nano-pores and water. (b) Even if there is a temporary pressure perturbation large enough
to push the liquid-air interface to penetrate into micro-pores, the composite Cassie-Baxter
regime is not completely destroyed because the smaller nano-pores have much higher
robustness. (c) When the perturbation disappears, the original large slip is restored if the
nano-pores have maintained the super-repellent composite interface.
When the pressure perturbation is high enough for the liquid to penetrate into the
micron-sized pores, the composite interface does not fully transition to the fully-wetted
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Wenzel regime. Instead, the composite interface remains on the nano-sized pores which
possess much higher robustness (Fig. 5-3b; Eq. 5-7). After the pressure differential
disappears, the liquid-air interface would try to dewet from the composite interface on the
nanopores, when the apparent contact angle 0iner on the super-repellent nanopores is
larger than the geometric angle of the micropore wall (Wlmi,n in Fig. 5-3c). Then the
composite interface recedes back to the top of the micropores, restoring the original giant
liquid-slip.
5.2. Experimental Methods
5.2.1. Superhydrophobic Surfaces possessing Single-Scale Textures
Fabrication of a Nano-Scale Superhydrophobic Surface Texture by Reticulating a
Polymer Layer. 4" test grade silicon wafers were purchased from Wafernet, Inc. The
silicon wafer functions only as a substrate; hence the doping property of the wafer is not
crucial for the superhydrophobic surface fabrication. AZ4612 photoresist layer is then
spin-coated on the surface at 2000 rpm for 60 seconds, after which the photoresist is
thermally cured at 90 oC for 30 minutes. The thickness of the cured photoresist layer was
measured to be -10 tm. The cured photoresist layer is exposed to a CF 4 plasma for 2
minutes, using the PlasmaQuest RIE etching chamber in Microsystems Technology
Laboratory. The bias power was set to 20 W.
Fabrication of a Micron-Scale Superhydrophobic Surface Texture by Dip-Coating a
Wire Mesh. Multiple metal wire meshes were purchased from Cambridge Wire Cloth
145
Company, and dip-coated using a fluorodecyl POSS solution. See experimental methods
section in Chapter 2 for further details of the dip-coating process.
5.2.2. A Superhydrophobic Surface possessing a Dual-Scale Texture
Fabricating Micropores through Reactive Ion Etching Process. For the fabrication of
micro-pores, a conventional reactive ion etching (RIE) process with a SF 6 plasma was
used. The STS etch chamber in Microsystems Technology Laboratory was used for the
process. SF 6 RIE process has a very high anisotropic etching rate, leading to a geometric
angle Vmin = 1200. After the RIE process, a Layer-by-Layer18 coating process was
performed in Prof. Rubner's group to introduce nano-scale pores. SiO 2 layer patterned
with 30 tm x 30 jim holes was used as the hard mask. Other anisotropic etching
techniques such as KOH wet etching can be used to produce the micropores as well.
Fabricating Nanopores through Layer-by-layer (LbL) process. A solution of
polyacrylic acid (10 mM, M.W = 5000 g/mol) and poly(allylamine hydrochloride) (10
mM, M.W. = 70,000 g/mol) in water was prepared, by stirring for 15 minutes. Then the
pH of PAA and PAH were adjusted to 3.5 and 8.5 respectively, using standard 1 M and
0.1 M solutions of HCI and NaOH. After the solution is ready, the samples were loaded
into the holder and the LbL process continued for 20 bilayers, starting with a PAH layer.
Dipping and three-step DI water rinsing period were set to 15 minutes and 2/1/1 minute.
After the bilayer deposition, samples were taken out and dried in the vacuum oven at 80
C for 1 hour. Fully dried samples were then dipped in pH 2.7 acid for 2 hours followed
by 4 hours in pH 2.3 acid, after which the samples were air-dried. Then the films were
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crosslinked in a vacuum oven for 2 hours at 180 C. Finally, the sample was dip-coated
into a 50 wt% fluoroPOSS - Tecnoflon® solution for 2 minutes and cured. See the
section 2.2.2. Experimental Methods for further details of the dip-coating process.
5.2.3. Drag-Reduction Test
An AR-G2 rheometer (TA instrument) with a plate-plate arrangement was utilized to
measure the torque and the shear rate applied on the samples, and to calculate the slip-
lengths. An 8 mm steel plate was used for dual-scale textured surfaces due to the limited
size of the samples (2 cm x 2 cm; limitation is imposed during the layer-by-layer step). A
20 mm steel plate was used for other surfaces. The samples were fixed on a layer of
adhesive wax, and then the stage was heated up to 650C to melt the wax. The plate was
lowered both to measure the zero-gap height and force the sample to be aligned
horizontally. After the zero-gap calibration is complete, without releasing the plate, the
stage was cooled to 200 C for the wax layer to solidify. Glycerol (p. = 1.4 Pa-s at 20 oC)
was used as a probing liquid because its high viscosity compensates for the small size of
the plate. Further, the high surface tension (yiv = 64.0 mN/m, OE = 1150) of glycerol
allowed the fabricated surface textures to maintain more robust composite interfaces.
Shear rates varying from 1 s-1 to 400 s~' (10 points per decade) were applied as the input,
and the measurements were made when the fluctuation amplitude became less than 5% or
1 minute of equilibration time was reached.
147
5.3. Results and Discussion
5.3.1. Drag Reduction using Single-Scale Textured Surfaces.
All of the single-scale textured surfaces fabricated in this work display
superhydrophobicity. A surface with reticulated photoresist coating layer (see Fig. 5-4a)
has both of the apparent advancing and receding contact angles greater than 170 degrees
with water (yiv = 72.1 mN/m, OE = 1200 on a dip-coated flat silicon wafer) and glycerol
(yv = 64.0 mN/m, OE = 1150), above which accurate measurement is known to be
difficult' 9. Wire meshes that are dip-coated 20,21 in fluorodecyl POSS 22 solution (Figs. 5-
4b,c) also have high apparent advancing contact angles greater than 150 degrees, whose
accurate determination was even more difficult because relatively large texture scales
(feature pitch L = 2(W+D): 279 - 558 p.m) made the proper observation of the triple-
phase contact line impossible. On the other hand, the receding angles were rec = 1380
for water and 1370 for glycerol.
These measured apparent contact angles can be utilized to estimate the differential
areal solid fraction d developed in Chapter 4. The correlation between the differential
fraction and the apparent contact angles are given by Eqs. 4-3a and 4-3b, which are
repeated below for convenience:
cos d = rd,adv cos 01 + (1- d,ad) cos 0 2  (5-9a)
cos Orec = rodrec cos 01 + (1 - d,rec) coS O2 (5-9b)
here ro is the roughness of the wet solid fraction and 01 and 02 are the equilibrium contact
angles on the solid (= OE) and the air (= 1800). The roughness of the wet solid region for
water on an ideal cylindrical texture is relatively close to be unity (ro z 1.15, assuming OE
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= 1200; this is because r, is the ratio between the brown and green lines in Fig 5-5, which
is given by (z - OE) /(sin((f - OE)))). The determination of the roughness is more difficult
for the randomly reticulated photoresist layer or interwoven wire mesh; however the
SEM image of the structure suggests that both textures are composed of cylindrical
nanofibers, thus the roughness value should be similar to ro = 1.15. Since the Ybert
model (Eqs. 5-5, 5-6) is a qualitative scaling law based on the assumption of flat-topped
textures, the wet solid regions on the fabricated samples are assumed to be flat (ro =1) for
the rest of this chapter. This assumption enables the estimation of Oa, whose values are
summarized in Table 5-1 along with other key parameters. It should be noted that all
three fabricated surfaces can be considered to form discrete wet solid regions against
water, thus the global solid fraction , can be simply calculated to be , = Vd2 (see Table
4-2).
Figure 5-4. Fabricated superhydrophobic surfaces possessing single-scale textures. (a)
Reticulated photoresist layer. (b) A thick wire mesh possessing L = 2(R+D) = 558 lpm.
(c) A thin wire mesh possessing L = 279 pm. See Table 5-1 for key dimensions of the
surfaces. Insets show the apparent advancing and receding contact angles.
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Figure 5-5. A schematic illustrating the key parameters of the composite interface
forming on a cylindrical texture. Brown and green lines represent L x rob, and L x ,
values respectively.
Table 5-1. Key parameters of the multiple superhydrophobic surfaces fabricated in this
work. Glycerol is used as the probing liquid. Samples are ordered according to the values
of the feature scale W.
Reticulated Metal wire Metal wire
Surface tye photoresist mesh, thin mesh, thick
Discrete Discrete
Texture topography Discrete 2R = 114 jtm 2R = 228 ptm
L = 279 itm L = 558 utm
Apparent advancing angle > 1700 > 1500 > 1500
Apparent receding angle > 1700 1370 1370
Roll-off angle of 30 tl droplet 50 160 180
a estimated from the apparent 0.03 0.53 0.53
receding contact angle (Eq. 5-8b)
, estimated from d1 x 10-  0.28 0.28
Width of the wet solid region (2 W)*a 0.5 tm 148 ptm 296 ptm
bsip estimated from
Ybert model (Eq. 5-5)*b 330 tm 320 ptm 630 ptm
Robustness factor A' (Eq. 5-8) 3.4 12.9 6.4
*a Width of the wet solid region for the reticulated photoresist was estimated from the
SEM picture (Fig. 5-4a), thus prone to error. Width for the wire mesh was estimated
using the relation , -2 W/ L, assuming the texture is flat.
*ba in the Ybert relation is assumed to be 0.3.
Fig. 5-6 shows the plate-plate rheometer test results for the synthesized samples,
which clearly demonstrates a considerable reduction in the apparent viscosity for all
tested samples. Glycerol, which is a highly viscous liquid (/p = 1.4 Pa-s at 200 C), was
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used as the probing liquid to compensate for the limited size of the samples and maintain
significant shear stress with 20 mm plate geometry and 1 mm gap distance. The reduction
in the apparent viscosity is a direct measure of the reduction of skin friction or viscous
drag. The reduction of drag can be further converted into the slip-length bsli,, whose
correlation is given by rearranging Eq. 5-4:
[slip sl p h Pnoslip  no-slp blp
-or - - =1 + (5-10)
_no-slip "no-slip h + bsip, Psip  slip h
where pno-slip is the viscosity of the liquid measured on flat silicon wafer, Pslip is the
viscosity of the liquid measured on non-wetting surfaces, and h is the distance between
the plate of the rheometer and the sample surface. Measured drag-reduction and
corresponding slip-lengths are summarized in Table 5-2. All of three surfaces display
large slip-lengths and resulting drag-reducing ability. Further, it is also suggested that
surfaces which are less superhydrophobic, i.e., possessing lower apparent contact angle
values, can exhibit larger slip-lengths. This is in drastic contrast to the previous studies2'
12 which suggested that the superhydrophobicity is the most dominant factor for the slip
phenomenon. Instead, the measurements prove that the feature scale is an equally
important factor which governs the liquid-slip and the resulting drag-reduction. It should
be also noted that the estimated slip-lengths are in qualitative agreement with the
prediction by the Ybert model, which are 333 tm (photoresist), 316 tm (thin wire mesh),
and 632 pm (thick wire mesh) respectively.
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* Glycerol on flat silicon
C0. . * Glycerol on flat silicon
* Glycerol on SH, single * Glycerol on SH, L=279 pm
A Glycerol on SH, L=558 pm
1 0 100 1000 1 10 100 ooo
Shear rate (s -1) Shear rate (s-')
Figure 5-6. Apparent viscosity of glycerol (ti = 1.4 Pa-s at 20 oC) measured by the 20
mm plate-plate rheometer test with 1 mm gap. (a) A comparison between the
measurements on a flat silicon wafer and a reticulated photoresist layer. (b) A
comparison between the measurements on a flat silicon wafer, a thin wire mesh (L = 279
jm), and a thick wire mesh (L = 558 pm).
Although the amount of drag-reduction is affected by the plate-plate gap, the
estimated slip-length should be a constant regardless of the measurement condition. To
verify this hypothesis, we have measured the reduction of drag and corresponding slip-
length at various plate-plate gap distances, and the measured apparent viscosities and the
corresponding slip-lengths are also summarized in Table 5-2 and Fig. 5-7. Combining Eq.
5-10 with the results shown in Fig. 5-7, it is obvious that the thin wire mesh (L = 279 jtm)
maintains relatively constant slip-length (b, 1 - 540 gtm) until the composite interface
suddenly collapses at the gap distance of 300 jim. On the other hand, the slip-length of
the reticulated photoresist surface has reduced as the gap decreases.
This decrease of slip-length on the photoresist surface does not conflict with the
general hypothesis of constant slip-length, because the deterioration of the slip-length on
the photoresist surface occurs due to the disruption of the composite interface. As the gap
between the plate and the sample surface decreases, the Laplace pressure inside the
loaded liquid volume increases. Assuming the surface is perfectly non-wetting, the
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Laplace pressure (2yv/h; h: plate-plate gap) reaches 240 Pascal for glycerol when the gap
decreases down to 500 /am. This is over the breakthrough pressure of the reticulated
photoresist surface (200 Pascal), which is estimated from the robustness factor; hence
part of the composite interface starts to transition to the fully-wetted Wenzel regime. At
the gap distance of 250 jtm, the composite interface is completely destroyed and the drag-
reducing property disappears. We have verified the destruction of the composite interface
by the following method. As soon as the rheometer test was complete, the used sample
was submerged in DI water to check the total internal reflection from, if any, the
composite interface. After the rheometer test using 250 pm gap distance, there was no
reflection from the tested area, suggesting that the composite interface is destroyed by the
pressure perturbation and the valleys of the textures are filled with glycerol. The same
phenomenon occurred for the thick wire mesh surface, and the surface did not display
any drag-reducing ability at the gap distance of 500 pm or lower. However, the thin wire
mesh, which possesses a much higher breakthrough pressure (750 Pascal), continued to
support a composite interface down to the gap distance of 500 ptm, and exhibited an
almost constant slip-length (bsip = 690 pm) as expected. The thin wire mesh sample
could not support a composite interface at the gap distance of 300 jim, which corresponds
to a pressure of 390 Pascal. Although the pressure perturbation is lower than the
breakthrough pressure estimated from the robustness parameters, the irregular shape of
the interwoven wire mesh surface might cause the surface to possess a lower
breakthrough pressure. Wire mesh surfaces could regain its original liquid-repellency
after a DI water rinsing treatment; however, the damaged reticulated photoresist surface
did not restore its superhydrophobicity even after the rinsing step (see Fig. 5-8).
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Figure 5-7. The ratio between the true and apparent viscosity, plotted versus the inverse
of the gap distance. Results with the reticulated superhydrophobic photoresist surface and
the thin wire mesh are plotted with black and red colors respectively. A trend line for the
wire mesh results are calculated using the first 7 data points, as the composite interface
begins to collapse from 8th data point (gap distance = 300 ptm). The slope of the trend line
corresponds to the slip-length according to Eq. 5-10, yielding 0.54 mm.
A
Figure 5-8. Disrupted composite interfaces. (a) The apparent receding contact angle on
the reticulated photoresist after the rheometer test at a gap distance of 250 jtm. Inset
shows the original apparent receding contact angle before the rheomter test. (b) A dual-
scale textured surface which is submerged in water. Bright reflection from the peripheral
area indicates the existence of the entrapped air layer. Dark region in the center is the
area tested with the rheomter, implying the region does not support a composite interface
anymore.
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Table 5-2. The list of the measured reduction of drag at 200 s- 1 shear rate. The estimated
slip-lengths calculated using Eq. 5-4 are also listed. Glycerol was used as the probing
liquid.
plate-plate Reduction of viscosity Calculated slip-length
gap
Reticulated Thin wire Thick wire Reticulated Thin wire Thick wire
photoresist mesh mesh photoresist mesh mesh
1000 pm 32 % 43 % 50 % 470 jm 740 tm 1000 pm
500 pm 18 % 58 % Fail 110 m 690tm -
250 p~m Fail Fail Fail -
Ybert
rediction 330 m 320 tm 630 tmprediction
5.3.2. Fabrication of Dual-Scale Textured Surfaces.
Fig. 5-9 shows the SEM images of the dual-scale textures. The Layer by Layer (LbL)
process uniformly coated a flat silicon wafer and formed a small-scale porous layer (Fig.
5-9a). However, the larger-scale pores fabricated through the reactive ion etching (RIE)
process are relatively shallow, forming a large flat bottom surface (Fig. 5-8b). As a result,
even though the LbL process could conformally coat the larger-scale textured surface, the
final dual-scale textured surface shown in Fig. 5-9c possesses rather flat-bottom
morphology. For this flat-bottom structures, fimm becomes 180' and water or glycerol
cannot spontaneously dewet from the micro-pores once the liquid reaches the bottom of
the micro-pores (0*nner < Vmin ; see Fig. 5-3c). This problem can be resolved by increasing
the RIE process time. As alternative approaches to create nano-scale textures, carbon
nanotube forest or commercial superhydrophobic spray coatings such as HIREC145023
can also be tried.
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Figure 5-9. A dual-scale textured surface. (a) Smaller textures (L - 1 ptm) fabricated
through a Layer by Layer (LbL) process. (b) Larger textures (L - 30 pm) fabricated
through a reactive ion etching (RIE) process. The image was taken with the surface
partially covered with LbL layer, to demonstrate the conformality of the coating layer. (c)
A surface fabricated through both processes, forming a dual-scale texture.
Although the compromised dual-scale textures cannot regenerate a composite
interface after a large pressure perturbation, the drag-reducing ability of the fabricated
surface was tested to validate the predictive ability of the Ybert model. The advancing
apparent advancing contact angle of glycerol was 0dv > 1700, but the receding angle was
0e c* ~ 140'. Since the s value estimated from the SEM image (Fig. 5-9c; 0, < 0.1) is
very low, the relatively low observed receding angle is probably due to the strong pinning
phenomenon described on Chapter 4. This observation necessitates the need for an
investigation on the correlation between the values of bd and 0, for dual-scale textures
possessing heterogeneous density of wet solid regions. Nevertheless, a rheometer test
using an 8 mm plate geometry showed a huge reduction in the apparent viscosity as
shown in Fig. 5-10. The measured reduction in the apparent viscosity corresponds to
1.7+0.14 mm slip-length, implying that the ability of the fabricated dual-scale textured
surface to reduce drag is extremely high. The test was performed only up to 50 rad/s
because the loaded liquid is ejected from the test area beyond that range. The slip-length
remains relatively constant until the gap distance decreases down to 400 Ltm, and the
156
composite interface become disrupted and transition to the fully-wetted Wenzel regime
when the gap distance reaches 300 ltm.
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Figure 5-10. Apparent viscosity of glycerol on the dual-scale textured superhydrophobic
surface shown in Fig. 5-9c. Measured values of the apparent viscosity correspond to the
slip-lengths of 1572 gm (1000 tm gap), 1845 gtm (500 ptm gap), and 1678 pm (250 -tm
gap) respectively.
5.4. Conclusion
In this chapter, I have tried to expand the state of the art understandings on the drag-
reducing ability of composite interfaces. Earlier studies2 tried to correlate the drag-
reducing ability b~sip of the composite interface with its static liquid-repellency 0'.
However, results from many other groups4' 10, 15 including the work by Ybert suggested
that the dynamic slip is governed by a different set of variables including the wet solid
fraction , and the feature scale L. In this work, I have experimentally demonstrated the
qualitative validity of the Ybert model. Further, it is proven that a large slip-length can be
induced both by decreasing the wet solid fraction and by increasing the feature scale.
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Finally, by combining the governing equation for the slip-length with the
previously derived robustness parameters, I have shown that the slip-length of the
composite interface is negatively coupled with the robustness of the interface. However,
although this adverse correlation cannot be eliminated, it is possible to circumvent the
issue by the incorporation of dual-scale textures. The ability of the dual-scale textured
non-wetting surfaces to regenerate composite interfaces should be experimentally
verified.
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CHAPTER 6
SUMMARY AND FUTURE WORK
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6.1. Thesis Summary
The main objective of this thesis was to expand the current level of understandings on the
composite interfaces formed between a liquid and a textured surface. Due to the
numerous possible applications of the non-wetting composite interfaces, the ability to
understand and exploit the working mechanisms of this interface is extremely useful.
Previous to this thesis work, it was found that composite interfaces tend to form on highly
rough textured surfaces 1, 2, typically leading to a super liquid-repellency and liquid-slip.
The current thesis work starts from these findings, and it explores the various
unexplained phenomena to enhance the ability to manipulate the composite interfaces and
apply the findings to new application fields.
The construction of the composite interfaces with low surface tension liquids was
the first topic pursued in this thesis. Despite the plethora of superhydrophobic surfaces,
there are no naturally occurring textured surfaces that can repel liquids with appreciably
lower surface tension values. The inability to resist contamination from low surface
tension liquids can easily compromise the integrity of superhydrophobicity of textured
surfaces because once the surface becomes contaminated with low surface tension liquids,
the damage is usually irreparable. In the first part of my thesis, I have extended the
previous understandings on the formation of the composite interfaces. By introducing a
concept of re-entrant surface textures, I could develop microhoodoo surfaces displaying
omniphobicity, i.e., super-repellency against a wide range of liquids regardless of their
surface tension values. A design criterion to achieve both strong liquid-repellency and
high robustness of the composite interface is proposed as well.
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In the following part, I derived a mathematical model that can predict the apparent
advancing and receding contact angles and the corresponding contact angle hysteresis on
composite interfaces. Traditionally the Cassie-Baxter model is widely used for the
prediction of apparent contact angles; however, its inability to predict contact angle
hysteresis limits the applicability of the Cassie-Baxter model. By developing multiple
robust omniphobic microhoodoo surfaces, I could successfully investigate the local
details of the triple-phase contact line of non-volatile organic liquids on a wide range of
model surface topographies. Combining the experimental findings from these tests, I
showed that the differential areal fraction of the solid substrate, which the contact line
encounters as it is displaced across the surface, is the most important factor in
determining the apparent advancing and receding contact angles. This additional
knowledge is embodied in the local differential parameter Id. Using this insight, I
proposed a modified Cassie-Baxter relation that more accurately predicts the apparent
advancing and receding contact angles, based on the details of the local surface texture in
the proximity of the triple-phase contact line. This understanding allowed me to design
model 'sticky' or 'non-sticky' surfaces that can significantly enhance or suppress contact
angle hysteresis and correspondingly increase or decrease the measured roll-off angles.
In the final part of this thesis, I tried to develop a surface that can induce large
reduction of dynamic drag occuring between the liquid and the solid surface. A liquid-
slip phenomenon on the composite interface was utilized for this goal. I recognized that
the governing factors for the static liquid-repellency and the dynamic drag-reducing
ability of the composite interface are different; unlike the static liquid-repellency, the
degree of free liquid-slip phenomenon is highly affected by the shape and especially the
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scale of the surface texture. Combining these findings with the design framework
developed in the first part of the thesis, I suggested the degree of drag-reduction is
adversely coupled with the robustness of the composite interfaces. To overcome this
limitation, a surface with dual-scales of texture is proposed as a promising candidate to
enable both high robustness of the composite interface and large liquid-slip on it at the
same time.
6.2. Future Directions
Research on the composite interfaces started in 1930s and has mostly focused on the
static superhydrophobicity. Recently, there are multiple attempts including the work in
this thesis to expand the understanding and the applicability of the composite interface:
composite interfaces which repel much wider range of liquids3-6; a composite interface
which entraps numerous pockets of water instead of air 7; and a composite interface to
reduce dynamic drags 1 . These attempts opened many directions which can be pursued in
the area of composite interfaces.
Commercializing omniphobic surfaces. In this thesis, omniphobicity of re-entrant
surface texture is demonstrated using a microfabrication technology. To commercialize
this technology, it is necessary to fabricate the re-entrant textures much more cost-
effectively. Many synthetic surfaces such as commercial fabrics inherently possess this
re-entrant texture, and can display omniphobicity when coated with low surface energy
molecules. The challenge about this approach is that the re-entrant surface texture in
fabrics is much more complex due to its inter-woven structure. Design parameters
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proposed in my thesis work offer a simple quantitative way to predict the characteristics
of omniphobic surfaces such as the robustness (i.e., breakthrough pressure) and the
predicted apparent contact angle of the composite interface. However, derived design
parameters ensure accurate predictive ability only for highly regular textures such as
microhoodoos or nonwoven fabrics. Further understanding about the wovenness of the
fabric structure needs to be obtained, and an investigation on the transition between the
composite and the fully-wetted regimes on the inter-woven fabric structure is highly
desirable for this goal.
Development of wax-phobic surfaces. The composite interface does not necessarily
entrap pockets of air in its textures. Indeed, it was recently suggested that certain types of
fishes entrap pockets of water in their scales to repel oily contaminations. This idea can
be applied to develop surfaces which resist contamination from oily sediments which
causes numerous issues in crude oil pipelines. Since the wax sediments and the
surrounding oil form interfaces, a composite interface non-wetting to wax sediments
might be achieved by combining the re-entrant surface texture and chemistry.
Development of self-healing composite interfaces. A potential long term application
field for the non-wetting composite interface is drag-reducing surfaces. Basic principle
about the drag-reducing on a composite interface is understood to a degree, but real
implementation is severely limited due to the robustness issue. Inner surface of a liquid
pipeline or a solid object propelling in water experiences very high pressure gradient. On
the other hand, the robustness or the breakthrough pressure of a composite interface
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cannot be increased indefinitely. Instead, it is limited by the surface chemistry and texture
topography, implying that it might be impossible to maintain drag-reducing ability
against high pressure environment. The way to overcome this inherent limitation is to
develop a surface texture which can regenerate entrapped air pockets even after the
composite interface is disrupted by high pressure perturbations. One such approach is
proposed in my thesis, and further research needs to be performed on this issue.
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